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Section 1 
INTRODUCTION 
This report covers work performed during a basic analytical and experimental pro- 
gram on the use of thermal-structural similitude for Etudies of prototype behavior 
in the space environmeiit. The work reported herein was supported by the Space 
Sciences Laboratory, Marshall Space Flight Center , National Aeronautics and Space 
Administration, Huntsville, Alabama. 
Previous studies of thermal. similitude (Ref. I ) ,  which were fundament4 to the work 
reported herein, provided experimental evidmce that the utilization of thermal model- 
ing techniques held considerable promise as a tcol for studies of thermal behavior in 
the space environment. The most important concl.usion reached during that program , 
which consisted of experimental work on simple geometries, was that thermal models 
could be constructed of available structural materials for pu'rposes c :>redicting both 
the steady-state and transient thermal response of space vehicles % he accuracies of 
model predictions were forecast to be within the bounds of experivwital e r ro r  o r  on 
the order of 1/2 to 1% of the absolL,e tempei.ature of the flight item The Considerable 
benefits to be gained by the use of modeling techniques are further substantiated by the 
results of other wwkers (Refs. 2-1 0) w50 have xported their observations in this 
respect, 
\ 
The objective of this program UiaP to further study the utility of thermal modeling for 
the prediction of thermal pwfoo-rmance of spacecraft and, i f  possible, extend the scope 
of the study to include considerations of structural performance. To meet this objec- 
tive required the selsction of an existing o r  planned prototype item whose thermal and 
structural performence would pose an interesting problem in terms of the program 
scope. 
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A preliminary review of planned flight programs resulted in the selection of space 
telescopes as  the most promising class of hardware for use in this study. The geom- 
etry, size, and influence of thermal distortions on performance were all considered 
appropriate in terms of satisfying the stated objectivcs. A more thormgh study of 
planned optical technology experiments led to the selection of the proposed 2-meter 
aperture OTES (Optical Technology Apollo Extension System) telescope. The proto- 
type telescope would have an overall length of 12 meters (39.4 ft), tube aperture of 
2.38 meters (7.75 a), m d  could be accommodated, when properly scaled, within the 
available test facility. The prototype space envirolnent would be that experienced by 
a flight object in a 24-hr synchronous orbit. 
This report r - esents the results of an analytical and experimental study of thermal and 
structural modeling of the 2-meter OTES concept. A tl..srmal anzlysis was performed 
with two objectives in mind. The first was to establish predictions of the flight thermal 
performance for use in establishing required modeling conditions. The second was to 
clarify the relative importance of certain thermal design parameters sucIi as insulation 
quality, structural meniber conductances, thermal control coating surface properties, 
and sun shutter operating conditions. The required information was obtained by estab- 
lishrnmt of a detailed thermal-analyzer program based upon the conceptual design of 
the telescope. Numerous assumptions were necessary for completion of the analytical 
work due to the fact that actual hardware design had not yet been ~ t i a t e d .  Results of 
the analysis and the assumptions required are presented in Section 3. A major con- 
clusion reached dgring the analytical work was that passive thermal control techniques 
were sufficient to provide required absolute temperature levels and to reduce tem- 
perature differences in the primary mirror to f 1°K. 
The overall study required the expenditure of considerable effort to establish acceptable 
techniques for thermal modeling of high performance multilayer insulation. This 
material was proposed as  an inner liner on the interior of the telescope tube for p.x- 
poses of damping out external thermal transients and maintenanse of uniform tem- 
peratures in the primary optic. I-* +ew of the prototype size as compared to the 
available test chamber size, it was apparent tbsS a scale ratio between one-fifth and 
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one-sixth would be necessary for model construction. It would also be necessary to 
use a temperature ratio greater than unity for the study since predicted prototype 
temperatuses were very low and could not be achieved using a chamber whose thermal 
background would be provided by liquid nitrogen cooled walls. The small-scale ratio 
and necessary increased temperature ratio introduced considerable doubt concerning 
the procedures to be used to accurately model the multilayer insulation. While the 
praperties of this material (alternate layers of aluminized mylar and dexiglass) have 
received considerable attention by the Aerospace Industry for purposes of hardware 
design, very little information was available to guide the selection of an appropriate 
wrap for use on the model. As a result, a considerable effort was devoted to studying 
the problem of modeling multilayer insulation under steady state and transient condi- 
tions. A wrap identical to that proposed for the 2-meter OTES telescope was con- 
structed and tested under steady state and transient conditions and was then modeled 
to half scale under similar conditions. The results obtained from the study are pre- 
sented in Section 4. The major conclusions reached were that criteria can be estab- 
lished for accurate modeling of the perpendicular thermal conductivity of multilayer 
insulation at a decreased length ratio and increased temperature ratio using identical 
materials. However, the procedures necessitate considerable geometric distortion, 
i.e. , the number of layers are not decreased according to the length ratio, so that 
three-dimensional modeling is not achieved. Likewise, since the thermal diff-mivity 
remains the same in materials preservation, the selection of a desired time constant 
is not possible concurrent with selection of a desired thermal conductivity. 
The results obtained from the thermal analysis and multilayer insulation study led to 
a model design having a length scale ratio of 1/6.42 and absolute temperature ratio of 
1/1.86. The model was constructed, instrumented for the determination of thermal 
and structural performance, and tested under a simulated synchronous orbit. The 
results of the model tests are  presented in Section 5 along with comparisons to the 
analytical predictions. It was found that the model tests compared favorably with the 
analytical predictions aiid reinforced the premise that passive thermal control tech- 
niques would be sufficient for thermal control of the telescope inter:' '9SS. 
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Agreement between the analytical predictions and model predictions was  generally 
good. The model results forecast a lower average interior temperalure than the 
analytical results while predicted transient variations about the mean were iiearly 
identical. Differences between the model and analytical results were attributed 
partially to differences in input energy from the tube aperture; howevtr, this could 
not be established as the sole reason for differences in predicted performance. 
Completion of the overall study effort established the feasibility of using small-scale 
therm,,l models for prediction of the thermal and structural behavior of large aperture 
telescope systems in a space thermal environment. The benefits to be gained from the 
model are that the system lends itself to direct physical measurement of the thermal 
response of critical components providing more detailed results than a re  available 
from analytical methods. The variety of tests that can be performed on a working 
model offer the thermal designer maximum flexibility in thermal performance studies 
and permit immediate experimental observations of the influence of proposed design 
changes. 
The effort required tn design and construct the model depends considerably upon the 
input available from the prototype design activity. If the prototype design and thermal 
analyses are nearly complete, then all inputs required for model design wi l l  be available 
and the overall model effort considerably reduced. Such was not the case during the 
present study since prototype design activity was  in early stages of development. 
Under these circumstances the model study must assume much of the work normally 
associated with prototype design and the required total effort is considerably expanded. 
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Section 2 
PROTOTYPE DESIGN 
Completion of the prcz*p-m objectives outlined in Section 1 required the selection of 
a telescope system w1io:e design was sufficiently finalized to provide the needed in- 
formation on therma! and structural design. A number of programs were reviewed in 
terms of thr ;r potential use in the modeling effort. The designs that were deemed 
most appropriate for detailed study included a modified GEP (Gcddard Experiment 
Package) in a configurstion referred to as the OM? (Optical Astronomy Package) for 
use in the Apollo Exiension System and three configrztions under consideration by 
NASA for use in the proposed OTES (Optical Technology Apollo Extension System) 
program. 
The OAP conceptual d e s i p  cousisted of a 0.965-meter aperture reflective telescope and 
associated instrumentation for spectral dispersion and detection of incoming energy. 
This system was proposed for installation on top of the LEM shelter in an altitiide- 
azimuth mount. Astronomical observations would be performed from the lunar sur- 
face. Studies of this system for use in the modeling program led to the determination 
that its geometry would be appropriate. However, the conceptual design of the sys- 
tem was not sufficiently developed to permit a sufficiently detailed thermal analysis 
of the system for use as an input to the dcsign of a thermal model. Therefore, con- 
sideration of the system was discontinue< 
The three OTES (Ref. 11) concepts under consideration consisted of a 1-meter aper- 
ture telescope integrated with the LEM Lab, a totally contained 2-meter aperture 
system, with limited manned sapability, and a 3-meter aperture system with extended 
manned capabilities. The small size of ;he 1-meter system was considered a sub- 
stantial drawback to its utilization in the model study. Furthermore, it appeared that 
the larger systems held more promise of being carried to the hardware phase where 
comparisons might be made between model observations and flight performance. 
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A detailed thermal analysis was made of the 3-meter concept both for purposes of 
determining its thermal performance and for evaluating its utility as a prototype sys- 
tem in the model study. The thermal analysis was carried to near completion at which 
time it was discovered that a decision had been made by the OTES program office to 
redirect their effort so that all future work would be on the 2-meter concept. In accord 
with this decision, the model study was changed to an evaluation of the 2-meter concept 
and a decision made to freeze on the conceptual design in existence at that time. 
At  the date of this report, the 2-meter C i  ES concept differs considerably from the 
design concept used in the modeling program. Numerous improvements have been 
made in the design as a result of additional studies. However, the present and past 
concepts are sufficiently similar in geometry and orbital environment to permit useful 
comparisons between the results reported herein and the anticipated performance of 
the latest design concept. 
The 2-meter system used for this program is shown schematically in Fig. 1. The 
telescope consists of a 2-meter diameter active optical segment primary mirror  
arranged in a hexagonal array of 3 regular hexagonal segments. The system provides 
a Cassegranian f /3 parabolic telescope. The secondary optic is mounted on a sup- 
porting system at a distance of approximately 4.76 meters (187 in.) from the primary 
and is maintained at that distance by 3 qmrtz spacer rods which also furnish the re- 
quired structural support during the orbital mission. The telescope barrel consists 
of five multilayer insulated aluminum honeycomb cylinders and one plastic honeycomb 
cylinder at the barrel opening. Each cylindrical section collapses over its neighbor 
toward the primary mirror to. minimize volume during the launch phase. The secondary 
mirror quartz spacer rods are also collapsed and stored during launch. After injection 
into a 24-hr synchronous orbit, the telescope is erected and placed into operation by a 
crew of astronauts who dock with the telescope manned support section utilizing a LEM 
vehicle. 
Optimum thermal-optical performance of the telescope requires minimal thermal 
gradients in the optics , particularly in the primary mirror segments, elimination of 
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SOLAR ARRAYS T 
OPTICS SUPPORT 
ELECTRONICS 
0.3-METER TELESCOPE - 2-AXIS 
ROTATION; AUTONOMOUS & 
MANUAL OPERATION 
SUN ALARM SENSOR 
Fig. 1 Two-Meter OTES Concept 
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thermal transients imposed by the varying thermal inputs during orbit, and an average 
steady-state temperature near the inversion point of the thermal expansion of fused 
quartz. The thermal expansion of fused silica (Corning 7940) is shown in Fig. 2 where 
it can be seen that the coefficient of thermal expansion wil; be zero at a temperature 
near 150°K. The benefit of maintaining primary mirror  temperatures near this zero 
expansion point 
I I I I I 
TEMPERATURE (OK) 
0 200 400 600 800 1000 1200 
4 o o l  
Fig. 2 Thermal Expansion of Fused Quartz 
Preliminary thermal design studies, supported by the OTES program office, resulted 
in a thermal design that could provide near optimal thermal conditions through utiliza- 
tion of passive thermal control techniques in combination with an active sun shutter at 
the tube opening. The shutter would control the amount of direct solar illumination of 
the telescope interior. 
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The thermal requirements were met by use of the following materials and thermal 
cofitrol surfaces (Fig. 3): 
(1) The front cylindrical element would be of 2.54-cm (1-in. ) thick plastic honey- 
comb and would mount the sun shutter, The sun shutter would activate in 
such a manner that direct solar energy could not strike the inner surface of 
the adjacent cylindrical section. 
(2) The remaining five cylindrical sections would consist of 1.27-cm (1/2-in.) 
thick aluminum honeycomb and would be insulated on the interior with 1.27 
cm (1/2 in. ) of high performance multilayer insulation. 
(3) Al l  exterior surfaces of the telescope tube and mounting platform would be 
covered with an optical solar reflector (OSR) material having a solar absorp- 
tance of 0.05 and infrared emittance of 0.80. 
(4) All interior surfaces would be coated with a highly diffuse optical black 
paint with the exception of the primary mirror  and a band of the surrounding 
telescope tube immediately adjacent to it, surfaces of the primary mirror  
mounting platform on the telescope interior, and the reflecting surface of 
the secondary mirror. 
(5) Interior surfaces not coated with black paint would be first-surface aluminum. 
Unfortunately, no information was available during the thermal study on a final design 
of the primary mirror active mount with the exception that it would provide 3 degrees 
of freeaom for independent adjustment of focus for each of the three segments. There- 
fore, it was necessary to make the assumption that the mounts would effectively sup- 
port the mirrors  and a t  the same time provide conductive isolation frcm the mounting 
plate. 
In addition, the mechanisms required to support adjacent sections of the telescope tube 
were not well defined, requiring the assumption that each section would be, within 
reason, conductively isolated from its neighbor. 
The propostid telescope would be placed in a 24-hr synchronous orbit and be utilized 
in both an eartb -oriented and a space-oriented configuration. These orientations result 
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BLACK PAINT ALL SECTIONS 
HONEYCOMB (2.54 cm) 
OSR ALL 
MULTILAYER 
INSULATION (1.27 cm) 
HONEYCOMB (1.27 cm) 
FIRST-SUR FAC E 
ALUMINUM ALL 
OSR COVERED ALUMINUM 
HONEYCOMB (2.54 cm) 
MANNED SUPPORT MULTILAYER 
AND INSTRUMENT INSULATION (2.54 cm) 
SECTION (297°K) 
Fig, 3 Two-Meter Telescope Thermal Design 
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in entirely different thermal responses due to the differences in solar illumination of 
the exterior and interior surfaces, and operation o r  lack of operation of the sun shutter. 
A thermal analysis was performed on the 2-meter system for both Orientations for 
purposes of assisting in the design of a thermal model. The analysis is described in 
Fection 3. 
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Section 3 
THERMAL ANALYSES 
3.1 INTRODUCTION 
A comprehensive thermal analysis was performed for purposes of predicting the space 
thermal behavior of the selected 2-meter telescope conceptual design. This study 
resulted in the creation of an electrical-analog mathematical model containing the 
influences of all important radiation and conduction heat flow paths and heat storage 
elements of the telescope, 
The mathematical model included the influence of the multilayer insulated tube, the 
three-segment primary mirror,  the secondary mirror  and. its support structire,  the 
interface ??&ween the manned support structure and telescope interior, and the sun 
shutter. 
During development of the mathematical model, it  was necessary to establish numerous 
estimates of actual prototype thermal conditions since the conceptual design had not 
proceeded sufficiently to defin-itize all aspects of its construction. The most important 
of the necessary assumptions were: 
Edges of the multilayer insulation were assumed adiabatic, 
The pdmary mirror  segmeTts were assumed to be aluminized on all sur- 
faces a d  to be conductively isolated from each other and from the manned 
stqport structure. 
The quartz secondary mirror  support rods were assumed to be continuous. 
The sun shutter was assumed to provide an adiabatic wall whexi closed. 
The manned support structure mounting platform was assumed to be main- 
tained at an invariant temperature of 298°K (75°F). 
For simplification, all. thermal properties selected for use in the analyses 
were assumed constant and independent of temperature, 
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3.2 NODE AND 2ROPERTIES SELECTION 
The telescops v a s  separated into 10 major sections as indicated in F’ig. 4. Each 
cylindrical sectior; was broken into 24 individual nodes as shown in Figs, 5 through 13. 
A general description of the geometries and properties assumed for the analyses of 
each section follows. 
-- Barrel, All sections except Section A have an external. layer of 1.27-cm (0.5411. ) 
thick aluminum honeycomb and an internal layer of 1.27-cm-thick multi1ay)- in- 
sulaYon. Section A is composed of a plastic honeycomb material 2.54-cm (1.0-in. ) 
thick. 
.Mimor Section. The mirror is composed of fused quartz glass having the special 
property of a near-zero thermal expansion coefficient at approximate:y 150°K. It is 
a cylindrical body with a paraboloid (f/d = 3.0, diameter = 2.0 meters) contoured 
onto its upper surface and is assumed to have been.cut into three pie-shaped sections. 
-Manned Experiment Section. This section is simulated by 8 3.30-meter-diameter 
disc. The disc is made of a 1.27-cm (0.5411. ) thick aluminum honeycomb -with a 
backing of 2.54 cm of multilayer insulation. 
Barrel to Disc Support Members. Support memr ,’. ‘9 !:i .. Gnnect the barrel L\; . ae 
disc were assumed to be spaced at 12 equiangular positiow, The members would 
be made of a nylon/plastic material and were assumed to be covered with OSR 
material, 
Quartz Rod/Secondary - @tics System. This system consists of three quartz rods 
running between the primary and secondary mirrors. They are attached firmly to 
tLe primary mir ror  mounting plate and to the secondary mir ror  platform. The 
secunciary mirror,  which is 0.368 meters (1.44 ft) in diameter and 5.08-cm (2-in.) 
thick, is locatfid at a point 3.95 meters (15.6 ft) from the vertex of Lhs primary 
m irrw , 
Nodal Breakdown. The nodes indicated in Figs. 5 through 13 were interconnected 
in the radiation-conduction network in a manner similar to that demonstrated by 
F’ig. 14 which shows the connections for a single vertical strip of the telescope, 
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Fig. 4 Two-Meter Telescope Model Zone Definition. (All dimensions in meters) 
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I 4- 2.141 meters I 
OSR ( a / c  = 0.05/0.8) 
SUPER INSULATIO 
ALUMINUM HONEYCOMB 
+x AXIS 
v 
+Y AXIS 
Fig. 11 Node Designation, Barrel Section H (+Z to Earth) 
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FUSED 
QUARTZ --C 
--POLISHED SURFACE \ (a = E = 0.04) 
..1 2.08 meters c 
--- --- 0.0518 -- ---- -------- 
0.204 
t i 
Fig. 12 Node Designation, Primary Mirror (+Z to Earth) 
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Fig. 13 Node Designation, Manned/Experiment Section 
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3.3 THERMAL PROPERTIES 
The thermal. properties used for purposes of the computation were obtained from avail- 
able literature and are presented in Table 1. As previously indicated, the properties 
were assumed invariant with temperature and for this reason limit the accuracy of the 
predictions. The accuracy of the computations is also in question due to the wide 
variation in properties found in the literature. This is particularly true for the multi- 
layer insulation and honeycomb materials whose thermal properties are strongly in- 
fluenced by manufacturing techniques. It is quite clear that flight performance 
computations made in support of final hardware design will necessarily require labora- 
tory evaluations of the actual materials to be used in hardware construction. 
Table I 
THEBMAL PROPERTIES 
Material 
Plastic 
Honeycomb 
Aluminum 
Honeycomb 
Fused 
Quartz 
Multilayer 
Insulation 
Nylon 
OSR 
Black Paint 
Specific Heat Capacity 
(J/g"K) 
0.464 
0.595 
0.431 
0.464 
0.699 
= E = 0.05/0.80 
a =e=0.95 S 
144.5 
69.2 
2200.0 
64.3 
1140.0 
Therm a1 
Conductivity 
(W/oK-m) 
2.88 x10-2 
3.84 X10-l 
3.84 
Parallel: 1.9 x10:; 
Perpendicular: 4.8 x10 
l.34X10-1 
3 4 MATHEMATICAL ANALYSIS 
The analysis of radiant interchange was accomplished by using an existing computer 
program that assumes diffuse interchange between reflecting surfaces. This program 
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utilizes a finite-difference approximation to find the view factor from node I to node J, 
i.e. , 
RIJ where h A l  and hA are the area vectors of nodes I and J, respectively, and 
is the directed distance vector from node I to node J. The resulting view factors are 
combined with their respective emissivities, and a radiosity network formed to .account 
for surface reflections. The final output of the program gives the radiation resistors 
which are the product of area and the complex view factor. 
J 
The radiant interchange between exterior surface nodes and the space environment at 
a synchronous altitude was computed using a method similar to that described above. 
Using this method, absorbed orbital energies (solar, albedo, and planet-shine) are 
calculated for each surface node, with surface reflections being taken into account. 
The computation assumed a solar constant of approximately 1400 W/m incident upon 
a plane normal to the solar vector. Radiated earth-shine was assumed to be from a 
sphere of radius 6.41 x 10 km at a temperature of 248°K. The albedo energy was 
calculated by assuming a grey earth albedo of 0.38. The results of these computations 
show that earth albedo and emission contribute a very minor fraction to the total energy 
absorbed by the telescope exterior at the orbit altitude of 3.52 x 10 km. The fraction 
involved is illustrated by comparing absorbed energies for an external node at a point 
perpendicular to the solar vector. At such a point, an external node on the side facing 
the sun absorbed 80.70 W of solar energy, 0.011 W of albedo, and 0.130 W of earth 
emission. The fractions involved vary throughout the orbit; however, the total con- 
tribution of earth emission and albedo remains small. 
2 
3 
4 
Heat capacity was calculated for each node using the relationship 
c = c p v  P 
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where 
C = specific heat capacity, W-sec/"K 
P 3 p = density, kg/m 
V = volume, m 3 
For nodes which had extremely small capacities the value was set to ie ro ,  thus making 
them "dummy" nodes and saving computation time. Compute intervdls were deter- 
mined from the minimum system time constant, which was directly proportional to 
capacity. A dummy node's transient temperature was determined by setting it equal 
to the average of the temperatures of :l.ll nodes connected to it by radiation and/or 
conduction. 
For nodes of constant temperature, such as outer space (0°K) and the manned experi- 
ment section (ZSSOK), the capacity was set equal to -1.0,  thereby creating "sink" 
nodes which furnished constant temperature boundary conditions. 
Conductive resistances between nodes were calculated using the equation 
where 
KIJ = thermal conductivity, W/m OK 
2 A = cross sectional area, m 
X = distance between nodes I and J, meters 
and where, in general, for uniform areas, it can be assumed that 
A complete listing of the resistances between nodes, computed for use in the analyses, 
has been furnished to the MSFC Space Sciences Laboratory under separate cover to 
this repxt  due t.0 the considerable volume required for inclusion herein. 
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Two orbital conchtions were selected for study on the basis that they represented 
extreme conditions. Both cases assumed a zero p angle, where p is the angle be- 
tween the orbit plane and the solar vector. Earth-oriented and apace-oriented tele- 
scope optical axis directions were studied for this orbit inclination. Figure 15 further 
clarifies the conditions of interest. 
Analyses to obtain temperature predictions were performed by using an a l s t i n g  
thermal analyzer computer program. Initially, the s teady-state temperature levels 
were found for each node using average orbital energy absoFtion. In this process the 
capacity of the nodes is neglected - except to discern betwem real, diuiimy, and sic!< 
nodes - and a net heat balance is performed for the nodal system. The results obtained 
for orbit average energy absorption for the space-oriented and earth-oriented condi- 
tions are presented in Table 2. 
. The transient analysis was then accomplished by inputtiiig the orbit average s t s a d p  
state temperatures as start temperatures and beginning the computation at an orbit 
point which best approximates tlm average orbital environment. For this case, the 
calculations were started past the subsolar point a t  intervals of 100 sec to obtain 
accurate representation of the changing environment. 
The transient computation was performed only for the earth-oriented case in view of 
its considerably more interesting flight condit;. For this case, it is necessary to 
actuate the sun shutter prior to and after leaving the Earth's shadow which imposes 
highb variant heat inputs to the tube interior. For the space-oriented flight, these 
transients are absent. For purposes of this initial study,it was assumed that the sun 
shutter would close at a point where the gamma angle permitted direct solar energy 
to strike the interior surfaces of Section B. Likewise, it would open after this situa- 
tion was passed after leaving the earth's shadow, Representative results of the tran- 
sient computation a re  shown in Figs. 16 through 19. Since the tranaient behavior of 
all external sections was similar, only the results for Section F are presented. All  
nodes represanted by Figs. 16 through 19 are located near to 2 plane passiiig thr.wgh 
the X axis. 
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Fig, 15 Selected Orbital Configurations 
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Table 2 
ORBIT AVERAGE TEMPERATURE PREDICTIONS TEMPERATURE, OK 
Section 
A Internal 
A Internal 
A External 
A External 
€3 Internal 
B Internal 
B External 
B External 
E Internal 
E Intzrnal 
E External 
E External 
Mirror Top 
Mirror Top 
Mirror Bottom 
Mirror Bottom 
Manned Experiment External 
Manned Experiment External 
Barrel Support 
Barrel Support 
Manned Experiment Section 
Node 
Number 
1 
7 
301 
309 
13 
21 
313 
321 
49 
57 
349 
357 
73 
77 
133 
137 
385 
393 
442 
450 
171 
3-16 
~~ 
Space Oriented 
87 
93 
76 
192 
99 
103 
74 
192 
116 
118 
75 
192 
138 
136 
138 
136 
104 
171 
99 
99 
153 
Earth Oriented 
137 
172 
133 
164 
153 
153 
109 
146 
165 
165 
110 
146 
176 
176 
176 
176 
158 
153 
1.50 
154 
192 
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Fig. 16 Analytically Predicted Transient Thermal Behavior Section A 
SECTION B 
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Fig, 17 Analytically Predicted Transient Thermal Behavior Section B 
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Fig. 18 Analytically Predicted Transient Thermal Behavior Section C 
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Fig. 19 Analytically Predicted Transient Thermal Behavior Section D and 
Primary Mirror 
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The orbit average predictions were useful primarily for purposes of starting the tran- 
sient computation at  some logical point. For th is  reason, their utility for comparisons 
to model results is limited. However, because of the long time constant of the primary 
mirror and the considerable damping of transients down the telescope tube, it is ap- 
parent that orbit average results are a reasonable indicator of primary mir ror  equi- 
librium temperatures. 
The transient computation very clearly shows that solar energy entering the telescope 
front section is the primary contributor to temperature variations in the tube and also 
has a strong influence on the mean temperature assumed by the primary mirror. This 
is made clear by comparison of the temperatures presented in Table 2 for the space- 
and earth-oriented cases. The primary mirror orbit average temperature for earth 
orientation, where considerable solar energy enters the interior of Section A, is 40°K 
higher than for space orientation where only a very small amount of solar energy enters 
Section A directly. Therefore, .it is obvious that selecting a different time for opening 
and closing of the sun shutter will result in a lower o r  higher primary mir ror  equilib- 
rium temperature. Since the sun shutter has the dual role of keeping direct solar 
energy out of the optical path and of providing active thermal control, it is obvious that 
a more comprehensive study should be performed to establish optimal times for shutter 
activation under a variety of orbital conditions. The opening and closing times selected 
for this preliminary study were in a sense arbitrary and are not suggested as being 
the most appropriate. The purpose here was to establish temperature histories, 
based on prescribed operating conditions, that could be used to se t  the boundary con- 
ditions needed for completion of the model studies, 
The maximum front-to-back and edge-to-edge temperature differences predicted for 
the primary mirror were on the order of 1°K. This prediction is basically due to the 
assumption that the three mirror segments were isolated from each other and had 
weak conductive coupling to the manned section interface. The validity of these 
assumptions will depend upon the final flight hardware mirror mount design. It is 
reasonable to assume that conduction isolation between mirror segments wil l  be pos - 
sible; however, zero conductance to the manned section is unlikely. Further analytical 
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work will be necessary, following final hardware design, to clari& the primary mirror 
thermal behavior. 
The transient results presented in Fig. 17 show the effectiveness of the multilayer 
insulation in damping out the influence of external transients. The internal nodes , 15 
and 22, closely follow the thermal input from Section A and show no response to the 
transients of nodes 303 and 310. This result was most important in setting the criteria 
for design of the thermal model since it permitted the use of steady state properties 
in selection of the model’s multiiayer insulation. A limited study was also made to 
determine the influence of the multilayer insulation thermal conductivity on overall 
thermal performance. Orbit average computations were completed using perpendicular 
conductivity values of 1 x loe3, 1 x 
that no significant change in internal temperatures occurred escept for the lowest vhlue. 
This result verified that the telescope wall  xa s  essentially adiabatic and that transient 
1 X and 1 X W/”K-m with findings 
energy transfer through the wa l l  was of less importance than energy transferred from 
the aperture o r  manned support section. The subject of modeling the insulation is 
treated in considerably more detail in Section 4. 
The analytical studies of the %meter telescope carried out in support of this program 
did not encompass all of the details that would necessarily be considered for hardware 
design. However, slfficient aetail was included to permit meaningful comparisons 
betwezn the analyses and model test results. In the event of better definition of the 
telescope hardware, it would be possible to extend the analytical work to include areas 
of particular interest such as the servo-drive mechanism for the primary mir ror ,  
the manned experiment section and its influence on the optical system, other beta and 
gamma attitudes, optimum shutter operating cycles, and the influence of the tempera- 
ture dependence of thermal and optical properti-es. A study of these details was not 
necessary for the cornpleticm of this program. 
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Section 4 
THERMAL MODELING OF THE OTES MULTILAIER INSULATION SYSTEM 
4.1 INTRODUCTION 
An experimental program was undertaken to develop criteria for thermal modeling 
of the multilayer insulation system for the 2-meter CTES telescope. This activity 
was required in order to design and construct a pro:x?rly scaled insulation wrap for 
use on the 1/6.43 scale model described in Section 9. Prior to this effort, very little 
work had been done in the area of thermal modeling to establish iuAniques required 
for thermal scaling of multilayer insulation, and consequently, modeling criteria for 
such systems were virtually nonexistent. A great deal of work had been accomplished 
'to define thermal characteristics of multilayer insulation systems for both high and 
low temperature applications; however, this work did not consider thermal modeling 
aspects of such systems. 
Since the primary objective of the overall program, reported herein, was to design, 
fabricate, and test a small-scale thermal model of the 2-meter OTES space telescope, 
the insulation experiments were designed to coincide with performance characteristics 
of the prototype system. For the tclescope thermal model, a thermophysical prop- 
erties preservation approach to modeling was selected. With this technique, either 
identical materials o r  substitute materials, which have thermal properties similar to 
those of the prototype's for scaled temperature conditions, are used in designing the 
model. For most solid materials , thermal conductivity does not vary with changes 
in the length of the heat flow path. This is not the case for multilayer insulation where, 
in addition to being temperature dependent, thermal conductivity is also dependent 
upon the number of layers in the wrap and upon the wrap density. Consequently, 
reducing insulation thickness according to the specified length scale-ratio can cause 
sizable changes in thermal coilductivity. 
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Previous work (Ref. 13) has shown the variations in thermal conductivity which occur 
as a result of changes in boundary temperatures, layer density, and the number of 
insulation layers. However, the dsta reported were not sufficient to meet the require- 
ments for modeling the OTES insulation system. This ruled out the possibility of a 
purely analytical study and established the need for a combined experimental and 
analytical program to determine the modeling criteria. This approach was successful, 
with the results demonstrating that steady state thermal conductivity perpendicular to 
the insulation layers can be modeled effectively at elevated temperatures utilizing 
identical materials. 
The multilayer insulation experiments were designed to meet objectives of modeling 
the OTES system and were not intended to be a general study of modeling multilayer 
insulation systems. However, the experimental and analytical techniques developed 
here should provide a useful basis for further study in this area. 
4.2 APPROACH 
The multllayer insulation thermal modeling studies involved the design, construction, 
and testing of two models having similar thermal behavior. The larger of the two 
models, referred to in these studies as the full-scale insulation model, consisted of 
four open-end cylindrical sections scaled in overall size to be one-third that of 
four similar sections on the 2-meter OTES telescope. The smaller model was geo- 
metricdly identical to the larger and was designed to be a half-scale thermal model 
of the larger system. Its diameter was similar in size to that planned for the complete 
OTES thermal model described in Section 5. The size and configuration of the insula- 
tion models were chosen on the basis of test chamber size and a desire to duplicate 
the difficulties associated with fabrication of the insulation required for the prototype 
telescope and the telescope thermal model. Temperature conditions for the insulation 
models were also scaled relative to the prototype, with the temperature ratios (T*) 
for the full- and half-scale models being 1.44 and 1.82, respectively. 
Although sizes and operating temperature levels were scaled relative to the prototype 
telescope, neither of the insulation test objects was designed to be a thermal model 
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of the OTES system. Such a condition was not required to meet the objectives of the 
study. Thus , for purposes of the insulation experiment, the full-scale insulation 
model was, in effect, a prototype with the half-scale system being the scaled lhermal 
model. 
Characteristics of the multilayer insulation for the full-scale insulation model were 
identical to those planned for the prototype telescope. The insulation consisted of a 
1.27-cm thick wrap of alternate layers of double aluminized mylar and glass-fiber 
papez with a layer density of 28.3 layers,'-.=. An insulation wrap identical to that 
planned for the prototype telescope w a s  used on the full-scale insulation model in order 
to obtain initial experimental data that could be used as a basis for modeling the insula- 
tion on smaller systems. Having defined the thermal properties of the full-scale wrap, 
modeling to a half-scale system was done analytically followed by tests on the model 
to verify the analytical predictions. The results were then e: '-apolated for application 
to smaller models, and a suitable insulation wrap for the complete telescope model, 
with a scale ratio of 1/6.43, was designed. 
In addition to its function as the insulation prototype as described, the full-scale in- 
sulation modei was used as the primary indicator of changes in thermal performance 
caused by varying the insulation wrap configuration. This study was included to deter- 
mine the effects of an exterior versus an interior insulation wrap and to investigate the 
possibilities of using a wrap which extended continuously the entire length oA ihe ther- 
mal model. During the early stages of the program, a continuous wrap was thought to 
be desirable from the standpoint of facilitating assembly of the complete OTES thermal 
model. The configurations stitdied were as follows: 
(1) A continuous exterior wrap with no separation of the insulation at the edges 
of each cylindrical section 
(2) An exterior wrap with separation of the insulation at each edge of the separate 
cylindrical sections 
(3) An interior wrap with separation of the insulation at  each edge of the separate 
cylindrical sections 
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These configurations are referred to as  test configurations 1, 2, and 3 throughout 
those portions of the report dealing with the multilayer insulation studies. Details of 
each are described in subsectton 4.3. 
To determine the thermal insulating characteristics of the wrap and to establish a 
basis for comparison between internal and external systems I the one-dimensional 
thermal conductivity (K) was determined for test configurations 1 aad 3. This was 
done for various temperature levels in order to establish the temperature dependence 
of K over the operating temperature range of the full- and half-scale insulation 
models. Such a determination of K as a function of temperature was required in 
order to judge whether or not the insulation blanket fcal the half-scale model had been 
scaled properly. The tests to determine K were accomglished using only three sec- 
tions of the four-section model. Both ends of the system were closed with insulated 
flat disks, heat sources were installed within the model's interior, and both internal 
and external surface temperatures were monitored using appropriate thermometry. 
From thermal conductivity measurements on the larger model and the analysis which 
followed, the layer density and insulation blanket thickness were selected for the half- 
scale model. 
. 
To evaluate the performance of the multilayer insulation in terms of OTES system 
performance, a series of tests invohing transient heating and cooling was run on each 
test configuration. For these tests, an insulated disk was removed from one end of 
the three-section unit and the fourth cylindrical section, designed to represent the 
front section (Section A) of the prototype telescope, was attached. Heaters in the form 
of high intensity tungs ten-filament lamps were installed circum ferentially around the 
exterior of Section A. In addition, a line of lamps was installed longitudinally along 
the top exterior surface of the three-section insulated tube. Two distinctly different 
external energy rates were used in the system performance tests, Both relied upon 
the analytical study of the protoiype as a means of establishing the desired skin tem- 
peratures. In the first case, Section A was thermally cycled from maximum to mim- 
mum temperature while the top exterior of the model was subjected to a constant 
radiant flux. 
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For the second case, the top exterior of the model was cycled between maximum and 
minimum temperatures while Section A was held at an average temperature. The 
heating and cooling cycles were accomplished by a programmed square -wave heat 
pulse from the two sepamte lamp bank systems. For the full-scale model, the period 
of each cycle was based on an orbital period of 24 hr. The period for the half-scale 
model during a similar series of tests was scaled to be 1/4 that of the larger system. 
The results obtained from the full-scale model tests were used to establish design 
criteria for modeling the insulation for the half-scale model. For the latter system. 
an internal wrap with se_naration of the insulation at the edges of each section was 
selected. While an internal wrap was required as indicated by the full-scale tests, 
separation at the edges was not found to be a requirement, Separation of the insula- 
tion between sections was chosen far the half-scale model primarily for convenience 
of assembly. The Lest configrlration selected '31: the half-scale model will be referred 
to as test configuration 4. 
In designing the half-scale system, the thermal modeling approach of materials pres- 
ervation was employed. This method was used for the insulation studies since a simi- 
lar approach was required for modeling the prototype OTES telescope. As  discussed 
in subsection 4.3.4, the modeling criteria for materials preservation are that p* , 
C*, and K* be equal to unity which gives T* = (l/t*)1'3 , where t*  is the insula- 
tion thickness ratio, However, when inultilayer insulation is involved, it is almost 
certain that some distortion of one or more of the material property ratios as well as 
the insulation's thichiess ratio (t*) will be required to model important temperatures 
and heat fluxes. The principal reason for this is that thermal conductivity changes 
with temperature and with variations in blanket thic!mess and iuaulation layers, For 
this program, both K* and t* for the multilayer insulation were distorted. Since 
the smaller insulation model was designed to be a half-scale thermal model of the 
larger, the criteria employed in design of its insulation were to maintain K*/t* = 2 ,  
thereby pres?.* J :.I. T a temperature ratio (T*) between model and full-scale system 
equal to 1 , 2 i .  
P 
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To determine the degree of success achieved in modeling the half-scale system, tests 
were run to establish l.he one-dimensional K (perpendicular to the insulation layers) 
for various temperature levels. While the thermal conductivity of the wrap was of 
importance to this investigation, and for this reason received considessble attention, 
it was also iss i red that a comparison of the transient perfor &rice characteristics of 
the full- and half-scale models be obtained, Both transient performance tostkg and 
determination of one-dimensional conductivity were accomplished for the half-scala 
modt: following the same procedures as used for tile full-scale insulation test object. 
4 .3  DESCRIPTION OF INSULATION TEST MOPELS 
The rn0.51 geometries discussed in this section and the test procedures presented in 
subsoc; h i  4.4.4 were used to accomplish two separate goals. The first was to obtain 
tests results on the success achieved in modeling the one-dimensional thermal coii- 
ductivity of the multilayer insulation. Totally enclosed test objects were wed  for this 
purpose. The second was to obsmve the effects of different insu!ation Rrttj; con5gura- 
tions and the influence of gaps and exposed edges in the insulation on the overall sys- 
tem performance under transient conditions similar to those predicted f x  the OTES 
telescope system, An open-ended test configuration and external lamp bank sys+*- 
were used for this purpose. 
The two models constructed for experimental evaluation during the multilayer insulation 
investigation were geometrically identical, with one system representic2 a half-scale 
thermal rnorjlcl of the other, The full-scale insulation model was approximately 76.2 cm 
in diameter and had a maximum length of 236.2 cm. It consisted of four cylindrical 
sections, three of which were insulated similar to the prototyp OTES telescope and 
one which was not insulated. The geometry and size of this model was scaled to be 
approximately one-third that of a similar four sect!.ons on the p ro to t se  (i. e. , Sections 
A, B, C,-and D), The model was limited to four sections because of test chamber 
size; however, thz use of only four sections was adequate for achieving the objectives 
of this investigation. Three differc, ;i insulation. wrap configurations were evaluated 
and compared during testing of the full-scale mode. From these evaluations of the 
full-scale model, the type of wrap t;o be used on th:. half-scale test .:-,bject was selected 
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and modeled w a s  -A *iiGly to provide the r ;ured heat flow perpendicular to the insula- 
tion layers. The various insulation wrap confi@-.ations will be referred to as con- 
figurations 1, 2, and 3 for the full.-scak system, and configuration 4 for the half-scale 
model. 
In addition to the three insulaticn wra2 configurations, two different test arrangements 
were required for each model. They consisted of a three-section cylindrical tube for 
one-dimensional thermal conductivity determinations and a four-section cylindrical 
tube for transient performancf. evaluations. Details of the various insulation con- 
Sgurations and the different test arrangjements employed to study ar,d model the ther- 
mal eiiaract5ristics of the multikjwr insulation system are described in this section 
of the report. 
4.3.1 Test Configcation 1 
The one-dhensional and tr.-a-mient test arrangements for this configuratioiz are illus- 
trdted m 3gs. 20 and 23 A individual cylindrical sections are identified A, B, C, 
and D correspondtag to the nomenclsture used in describing the prototype telescope in 
Section 6 .  Basically, this collfigurabon consistcd i; an exterior multilayer insulation 
wrap with no -?%para-i’on of the iimdation between Sections B, C, and D. 
For determination of thern,al Conductivity perpendic-dar to the insulation layers, the 
oEe-dimensional test arrartgement was employed. This unit consisted cf three stain- 
less steel cylinders connected t3gethar and insulated on the exterior with a continuous 
insulation wrap extendhg the full ler$h of the madel. Both ends were closed off with 
multilayer insul?rted flat disks, thus providing z-1 enclosure completelv surrounded by 
the insulation system beirz evaluated. 
The internal cylindrical skin was  constructed from 0.064-cm thic:;, Type 301 stainless 
steel sheet, tempered io 1/2-hard. The cylindrical sections were s_oaced 0.64 cm 
apart by means of three 0.95-cm-wide and 0.031-cm-thick stainless ste-1 tabs at each 
joint. These connectc, rs provided the required -tructural rigidity while also effectively 
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0.318 0.64 0.64 0.95 
I DEXIGLAS- 
CORNER DETAIL 
Fig. 20 Configuration 1: One- Dimensional Test Arrangement 
0.318 0.64 0.64 0.64 
SECTION B 
SKlN 
MULTILAYER 
SEPARATION JOINT DETAIL 
Fig. 21 Coafiguration 1: Transient Test Arrangement 
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disconnecting the cylinders from axial solid conduction. During initial design of this 
model, consideration was given to modeling the honeycomb skin of the prototype tele- 
scope using the materials preservation approach being employed for modeling the 
insulation system. However, to properly model the low thermal conductivity of the 
1.27-cm-thick honeycomb skin using readily available materials (e.g. , stainless steel 
sheet) would have required thicknesses on the order of 0.0089 cm for the full-scale 
system and 0.0043 cm for the half-scale model. The required structural rigidity of 
the models ruled out the use of such thin materials. The sizes finally selected, of 
course, did not provide the circumferential temperature gradient predicted for the 
prototype. However, preservation of this gradient was not necessary for the intended 
purpose of the experiment. 
The insulated end disks were 74.5 cm in diameter and were constructed from 0.081-cm 
thick 6061-T6 aluminum sheet. They were attached to the cylinders by four small 
tenon angle brackets which also provided a low thermal coilduction link between the 
ends and cylindrical sections. The multilayer insulation used for the end disks was 
an exterior wrap and was similar in structure to that used on the cylinders except for 
a slight difference in layer density. Although thG same number of layers was used, 
the insulation on the ends tended to compress more than on the cylindrical sections 
causing the wrap to be approximately 0.95-cm thick rather than the 1.27-cm thickness 
obtained on the cylinders. The diameter cif the insulation blanket was made larger 
than the aluminum disk by 1.9 cm, a s  shown in Fig. 20, in order to f i l l  the space 
around the edges not covered by the aluminum plate. 
IKodification of the one-dimensional steady- state configuration for the transient sys- 
tem performance tests consisted of removing the insulated end plate adjacent to 
Section B and installing the noninsulated Section A as illustrated in Fig. 21. Section A 
was designed to simulate the sun-shade section of the prototype telescope, although, 
as was the case with the other sections, exact scaling of the honeycomb skin was not 
done. This section was constructed of 0.127-crr!-thick 6061-T6 aluminum and had the 
same internal diameter as the insulated sections. Aluminum was used for this section 
'io facilitate its fabrication and assembly and to provide better control of the circum- 
ferential temperature profile required during i ts  operation as a simulated sun-shade 
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section. 
not require that the diameters of the cylindrical sections be different as is required 
for the telescope tube of the prototype. In fact, the use of variable diameters for 
these models would have unnecessarily complicated the experiments and caused cor- 
relation of results between configurations to be more difficult. To provide a low ther- 
mal conduction link between Section A and the other sections, the cylinder was attwhecl 
using four sma?! Teflon connectors which also served to maintain the desired spacing 
between Section A and Section B. 
It should be noted here that the objective of the insulation experiment did 
Figure 22 shows the assembled test object installed on the movable test chamber 
door just prior to a transient performance test run. 
test configuration 2, but is also representative of the other configurations tested. 
To minimize the conduction heat exchange between the test object and the surrounding 
environment, the object was suspended from an overhead beam by six 0.051-cm- 
diameter stainless steel wires. 
directly to the aluminum skin. In the three i n d a t e d  sections, the wires penetrated 
through the insulation blanket between sections and at the ends and were attached to a 
center shaft extending longitudinally along the axis of the three sections. 
The photograph is actually of 
For Section A, the wires were attached at the top 
The center shaft with a wire spoke arrangement supported the three insulated sections 
and maintained their cylindrical shapes. The spokes, consisting of 0.051-cm-diameter 
stainless steel wire, extended between the center shaft hub assembly and the stainless 
steel skin. Tie  center shaft consistedof a 1.27-cm-diameter stainless steel tube with 
a wall thicknessof 0.071 cm. Figure 23 is a photograph of the interior of the test 
object showing the center shaft and spoke arrangement. For each section, two brass 
hubs with seven spokes in each hub were used. Conduction heat flow from one side of 
the model to the other through the wire spokes vas cdculated and found to be negligible 
in comparison to the energy transferred by radiation. 
The center shaft and spoke arrangement also facilitated handling of the assembly both 
during and after installation of the insulation blankets. Care during application of the 
inultilayer insulation and careful handling of the assernbled test object was an important 
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consideration since large flexures of the stainless steel cylinders could have caused 
distortion and possible damage to ihe insulation blanket. 
Insulation Details 
The multilayer insulation wrap consisted of 36 alternate layers of 0.0064-mm-thick 
double aluminized mylar and glass-fiber paper (Dexiglas"). This gave R blanket thick- 
ness of approximately 1.27 cm with a layer density of 28.3 layerdcm,  ivhich in terms 
of insulation performance gives a minimum effective thermal conductivity (Ref. 13) (or 
optimum heat flux per unit thickness) for the boundary temperatures of interest to the 
OTES telescope system. The insulation was attached to the stainless steel skin using 
a buttor. attachment method as  illustrated in Fig. 24. The buttons were located in a 
square pattern, spaced on 15.2-cm centers, and consisted of 0.081-cm-diameter 
Teflon monofilament thread and 1.27-cm-diameter, 0.025-cm-thick Teflon disks. 
The length of the Teflon thread, which determined the maximum density of the insula- 
tion blanket (the density between buttons was usually slightly lower) , was carefully 
controlled at 1.27 cm . 
BUTTON ATTACHMENT: 
ALUMINIZED MYLAR AND 
DEXIGLAS SP WERS 
Fig. 24 Detail of Insulation Button Attachment Method 
*C. H. Dexter & Sons Paper Co. 
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In the construction of configuration 1, an important objective was to equip the model 
with the highest performance insulation wrap practical. To accomplish this, the num- 
ber of discontinuities in the insulation layers was minimized, and those found to be 
necessary were designed to produce small perturbatio?.. ;n the insulation performance. 
Al l  insulation wraps for the test configurations in this .jropam were construcied with 
a joint (or seam) running longitudinally the length of the test ohject. For the full-scale 
insulation model, this joint consisted of four precut nine-layer blankets joined together 
as shown in Fig. 25. Tile butt-joint of each blanket was offset with respect to the 
joints of the other blankets. This produced a discontinuous heat flow path from one 
side of the wrap to the other and thereby minimized "heat leaks" through the insula- 
tion. This type of insulation joint had been evolved in previous programs at  LMSC 
and was found to be less deleterious to insulation performance than the more easily 
constructed single-blanket butt joint. 
An additional overlap butt joint was required for configuration 1 (also used in con- 
figuration 2) because the widths of available multilayer insulation materials were 
smaller than the total length of Sections B, C, and D oa the full-scale model. This 
& n t  was located at the ceater of Section C and extended around the inodel's circum- 
ference. Similar to the previous joint, four precut nine-layer blankets were used; 
however, the method of offsetting the individual butt joints was different than for the 
previous case. The difference may be seen by comparing Fig. 25 with Fig. 26. 
A problem area in multilayer insulated systems such as this is that of reduced per- 
formance due to exposed edges and parallel heat flow which occurs in the blanket near 
these edges. Figure 20 shows the detail of the junction between the end plate and 
cylinder insulation blankets. To isolate the ends of the multilayer insulation from the 
surrounding environment and thereby reduce parallel heat wnductim near the ends, 
an intermediary of Dexiglas was used as shown in Fig. 20. This saxe technique was 
used to cover the ex$o?ed insulation edges of Section B (Fig. 21) during the transient 
system performance testing. 
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7 INSULATION WRAP EUTT JOINTS I /-STAINLESS STEEL SKIN 
\ \J 
,\\\ / FOUR 9-LAYER BLANKETS I / / ,  
Fig. 25 Detail of Multilayer Insulation Axial Overlap Joint 
I 
WI I I 
I I 
I I 
SECTION C 
I 
I I 
I 
I I 
FOUR 9-LAYER Ll\rSULATION WRAP 
BLANKETS BUTT JOINTS 
I 
Fig. 26 Detail of Multilayer Insulation Circumferential Overlap Joint 
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Thermal Control Surfaces 
The internal and external surfaces of the four cylindzical sections were painted black 
to provide the desired surface emittance. Black paint on the internal surfaces of 
these sections duplicated that which is planned for the prototype OTES telescope, The 
use of black paint on the exterior surfaces approximated the emittance of the Optical 
Solar Reflector (OSR) thermal control surface (Ref. 14) that is planned for use on the 
prototype. The OSR has a high emittance (E) and a low solar absorptance (as) ;
however, since solar simulation was not used for these tests, duplication of CY 
not required. For purposes of this experiment, modeling of absorbed heat flux was 
not a requirement. Instead, various surfaces normally exposed to direct solar heathg 
were temperature controlled. Use of black paint provided the thermal radiation prop- 
erties required for optimum absorptance of the tungsten lamp energy and for producing 
the range of boundary temperatures desired for the insulation. 
was Lc 
Two different black paint coatings were used. The aluminized mylar surfaces were 
coated with a silicone paint which produced an E of zpproximaiely 0.95. This coating 
remained flexible after curing and therefore did not crack o r  ship with flexure Gf the 
0.0064-mm aluminized mylar substrate, The stainless steel cylinders of Sections B, 
C, and D and the aluminum cylinder of Section A were coated with a black epoxy paint 
which produced an E of appmximately 0.90. This paint was used for the more rigid 
substrates primarily for convenience in application. 
The paint pattern for the internal and external su-.faces of the end plates was varied 
between the one-dimensional and transient test arrangements. For test configuration 1 
and the one-dimensional arrangement, the inside surface was painted black and the 
outside was aluminized mylar. On later configurations ;i. e. , 3 and 4) this pattern 
was changed and black was appliad to both the internal and external su faces  during 
the one-dimensional tests in order to simplify the calculation of thermal conductivity. 
During transient testing of all configurations, the end plate was covered with alumi- 
nized mylar on the interior and painted black on the exterior. The highly specular 
3-id low emittance aluminized mylar used on the inside of the end plate during transient 
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testing simulated a similar low emittance surface condition specified for this area of 
the prototype telescope. 
4 .3 .2  Test Configuration 2 
This configuration was tested only for transient performance evaluation. It was iden- 
tical to the transient test arrangement of configuration 1 except for separation of the 
insulation between Sections B, C,  and D. The same insulation blanket was used for 
both configurations 1 and 2, with the separations between Sections B, C, and D pro- 
vided in the latter system bycuttinga 0.64-cni-wide gap in two places around the 
circumference of the model. The gaps (or separations) in the insulation blanket be- 
tween cylindrical sections were provided in this and the following configurations to 
simulate a similar condition existing on the OTES telescope. No gaps were provided 
in test configuration 1 in order that a compazison could be made between systems with 
separations and systems without separations. Small differences in performance would 
allow more latitude in construction of the insulation for the complete OTES telescope 
model. It was postulatcd that the presence of gaps would have little effect on the 
model's thermal behavior; however, testing was necessary to verify the assumption. 
The gaps in the insulation were the same siza as the spaci3g maintained between the 
stainless steel cylinders. The photograph presented in Fig, 22 shows the circum- 
ferential separation gaps in the insulation blanket of this test configuration. 
4.3.3 Test Configuration 3 
This configuration consisted of an internal multilayer insulation wrap with. separation 
of the ineuiation between Sections E, C, and D. The one-dimsnsional and transient 
test armngemer' 7 shown in Figs. 27 and 28. Except for the insulation being 
attached tc 'IC .der surface of tne stainless steel cylinders, this configuratioi is 
very similar to test configuration 2. For the one-dimensional arrangement in which 
thermal conductivity of the wrap was determined, the three sections were butted 
closely together, thereby slightly reducing the overall length from that of ;est con- 
figuration 1. For transient testing, the cylinders were repositfo,ied with a 0.64-cm-gap 
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Fig. 27 Configuration 3: One-Dimensional Test Arrangement 
Fig. 28 Configuration 3: Transient Test Arrangement 
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between sections, the end plate adjacent to Section I3 was removed, and Section A was 
attached, Thus, the geometry for the transient test arrangement of both configura- 
tions 1 and 2 was reproduced except for the change from an external to an internal 
insubtion wrap. The insulation on the end disks was unchanged from the previous 
configurations and rsmained as an external wrap. This was done for convenience of 
assembly for the one-dimensional arrangement since it had no effect on the thermal 
conductivity determinations of the cylindrical wrap. During transient testing, the 
primary purpose of the end plate was to provide an adiabatic wall with a high infrared 
reflectance (or low E) on the internal surface. An external wrap on the end plate was 
maintained for all test configurations so that any changes in the transient performance 
could be related solely to variations in the cylindrical portion of the system. 
For the one-dimensional arrangement, all interior and exterior surfaces were painted 
black including the exterior aluminized mylar surface of the two end sections. Since 
the interior surface of the stainless steel  cylinders had been blackened for the pre- 
ceding tests, the multilayer insulation now facing the blackened surface was subject to 
different boundary conditions. In test configuration 1, the inner layer of the externally 
applied insulation was viewing the relatively low emissivity stainless steel surface. 
For the internal wrap, the insulation layer next to the cylinder was viewing a high 
emissivity painted surface. To compensate for this discrepancy, an additional layer 
of aluminized mylar was interposed between the 36 layers of insulation and thc interior 
surface of the cylinders. This layer of aluminized mylar presented a low emissivity 
surface to the first layer of the insulation blanket, and since its temperature was 
close to that of the stainless steel, it reproduced the experimental situation of the 
extern1 wrap. The paint pattern for the system performance tests was the same as 
for the previous configurations. 
4.3.4 Test Configwadon 4 
This configuration consisted of a half-scale thermal model of test configuration 3. In 
designing the model, a "materials preservationff technique was employed. With this 
technique the model is constructed using the same materials as the prototype. Sub- 
section 5.1 presents the basic thermal modeling laws (Eq. 5.1) and defines the 
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terminology and the various modeling parameters involved. For the "materials 
preservation'' technique, K* = C* = p* = 1 and the model ratios from Eq. (5.1) 
become: 
P 
Then for a geometrically similar half-scale model, T* = 1.26 , 6* = 0.25, and 
Q* = 0.63. 
For the half-scale model constructed during this program, geometric similarity was 
maintained between the model and the prototype for all components with the exception 
of: the multilayer insulation thickness and a minor distortion in the interaal surface 
area ratios. Geometric similarity of the multilayer insulation blanket could not be 
maintained due to the dependerlce of thermal conductivity (K) on the blanket thickness, 
number of layers, and insulatisn temperature. Therefore, in order to obtain the 
desired T* and Q* thrbugh the wrap, distortion of both the thickness rat13 (t*) and 
thermal conductivity ratio (5*) of the insulation blanket was necessary. The criterion 
employed in design of the model was to mainbin K*/t* = 2 .  The distortion in t* for 
the iwdation caused a slighc distortion to occur in the area ratio for the internal sur- 
faces; however, in comparison to the overall size of the internal surface area, the 
effect of the distortion was negligible. 
Based on tlle thermal conductivity results obtained in the one-dimensional steady state 
testing of configurations 1 and 3, an insulation wrap was selected for the half-scale 
model consisting of 27 alternate layers of 0.0064-mm double aluminized mylar and 
Dexiglas spacer material. This resulted in a blanket thickness of 0.95 cm which cor- 
resGonded to a t* = 0.75 rather than t* = 0.50 as required for geometric simi- 
larity. This, obviously, did not provide proper scaling of the heat flow in the wrap 
parallel to the insulation layers; however, for the telescope system, modeling of K 
perpendicular to the layers was a mom important consideration than modeling of K 
parallel to the layers, 
_ _ .  
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The insulation blanket was attached to the stainless steel cylindrical skin using the 
button attachment method described in subsection 4.3.1. Except for length, the 
button materials and sizes were the same as  used for the full-scale system, Use  of 
the 0.081-cm-diameter Teflonthread spaced on 15.2-cm centers modeled the solid con- 
duction heat-flow path. Another approach to modeling the half-scale system would 
have been to use 0.0405-cm-diameter Teflon thread spaced on 7.6-cm centers. This 
approach was rejected because of possible performance deterioration of the insula- 
tion due to overlapping of the penetration effects. The offset butt joints used for con- 
necting the blanket ends were the same as those used for the larger system, except 
that only three instead of four premt nine-layer wraps were used for each cylinder. 
The transient test arrangement of the hGlf-scale model is illustrated in Fig. 29, which 
also gives details of the insulation configuration. For the transient arrangement, the 
end disks were insulated on the exterior as was the case for the previous configuration. 
In the one-dimensional arrangement, the end disks were insulated oh the interior. 
The photograph in Fig. 30 shows the model's one-dimensional test configuration with 
end disks in place. The figure also shows the nexiglas intermediary around the per- 
iphery 01 the ends, which serves to isolate the insulation edges from the external 
environment. Figure 31 shows a side view of the half-scale model for the one- 
dimensional test. A comparison of Figs. 22 and 31 gives a good indication of the size 
differential between the full- and half-scale test objects, even though the test arrange- 
ments shown are different. 
All thermal control surface characteristics of configuration 3 were preserved in con- 
struction of the half-scale model. For Section A, however, an inorganic silicate was 
used instead of the black epoxy paint because of high temperature requirements for 
the model. Since both these coatings have similar emittances, the surface properties 
were unchanged. 
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Fig. 29 One-Half Scale Model - Transient Test Arrangement 
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4.4 TEST PROGRAM 
4.4.1 Chamber Installation 
The insulation models were tested in a 2.5-meter diameter by 3.1-meter-long vacuum 
chamber which is equipped with a blackened, liquid nitrogen cold wall. The assembled 
test models were suspended from an overhead beam attached to the chamber door 
using stainless steel wire. The models were positioned within the test chamber in a 
horizontal position as shown in Fig. 22. Testing was done under vacuum conditions 
of 6 x Torr. 
4.4.2 Energy Sources 
For the one-dimensional test arrangement, energy sources located inside the test 
. objects were used to establish the desired temperature levels. These sources con- 
sisted of nine 6-<V 115 ? tungsten filament lamps for the full-scale system and six 
6-W lamps for the half-scale model, The lamps were connected in a parallel circuit 
and were powered by an ac voltage. For the full-scale system, three lamps were 
located near the center of each section; for the half-scale model, two lamps were 
placed at approximately these same relative locations. Positioning the lamps in this 
manner was found to be adequate for providing the isothermal condition desired for 
the interior surfaces. 
Two separately controlled lamp bank systems were employed during the system per- 
formance tests. They consisted of the lamp bank system shown in Fig. 32 hos heating 
the top and bottom areas of Section A and the top lamp bank system shown in Fig. 22 
for heating the top exterior surfaces of Sections B, C, and D, The lamps used were 
G. E. 500 T-3 units having a nominal rating of 500 W at 120 V. These are wound 
tungsten filament lamps and dissipate on the order of 100 W per linear inch of filament 
at  maximum voltage, 
The system used for controlling temperatures of Section A consisted of a top bank 
with four lamps in parallel and a bottom bank with eight lamps in parallel. Both 
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systems were energized from the same power supply; however, a variac in the cir- 
cuit between the banks allowed the top ban!< output to be varied relative to that of the 
lower bank. The lamps were positioned to give a circum€erential temperature profile 
around Section A based on that predicted for the sun shade section of the OTES tele- 
scope just prior to closure of the shutter system described in Section 2. Proper 
positioning of the lamps around Section A was accomplished by initially setting up the 
system in air and monitoring surface temperatures. The procedure was repeated 
under vacuum conditions, both with and without the LN2 cold wall, until the lm~ps 
were positioned to give the desired affect. Although the desired temperature profile 
was not duplicated exactly, an equivalent emissive power for the interior area of 
Section A was achieved. 
The lamp bank system used to control external surface temperatures for the top region 
of Sections B, C,  and D (Fig. 22) consisted of a row of thirteen lamps extending longi- 
tudinally the length of the three insuiated sections. This bank was used to provide a 
temperature condition on the top surface of the model simulating the effect of solar 
heating with the longitudinal axis perpendicular to the solar vector, Distances from 
the test object to t h  lamps were properly scaled in going from the full-. to half-scale 
model, Both the longitudinal lamp bank system and the system heating Section A were 
shielded such that one bank would not influence the area heated by the other. 
Depending on the particular test being run, the lamp banks were either maintained at 
constant output for average surface temperature cmtrol o r  cycled on ax:? off to pro- 
vide a square-wave heat input. A Data-Track Model 5300 Programmer" was used to 
provide the required on-off sequencing of the lamp banks, and a Thermac Controller* 
was used to maintain the required surface temperature levels. 
4.4.3 Instrumentation 
Copper-constantan thermocouples were used to monitor teu perature behavior of the 
test objects. Thermocouple locations a re  shown in Fig, 33 for the transient test 
*Research, Inc. , Minneapolis, Minn. 
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arrangement. In addition to those shown, thermocouples were also located a t  the 
270-deg position near the ends of Sections €3 and D, and two were attached to the center 
shaft. The thermocouples near the ends of Sections B and D were positioned to obtain 
a qualitative estimate of the parallel heat flow in the instilation near the edges of the 
blanket. This assessment of parallel heat flow was primarily of interest during the 
one-dimensional determixitioris of thermal conductivity. 
A total of 42 themocouples were used for the transient test confiqration. For the 
one-dimensional arrangement, thermocouple locations for Sections B, C, and D were 
the same as shown in Fig. 33 with additional thermocouples being attached both in- 
ternally and externally to the end disks near their edges, making a total of 38 for this 
configuration. The reference junctions of all theirnocouples were maintained at 213°K 
with the use of an ice bath. 
Instrumentation used to measure temperature , voltages , current, and power was 
obtained from the LMSC Research Laboratory L o a  Pool and was all of standard design. 
The performance characteristics of the instru-meniation are given in Table 3. Each 
unit had an up-to-date calibmtion certification from the LNSC calibration laboratory 
and was within manufacturing specifications at the time of use. 
4.4.4 Test Procedures 
Upcn inst9Jlation of a test configuration in the environmental chamber and prior to 
starting a test series, the system was alloved to degas for at  least, 24 h r  with the 
chamber at a pressure of N lo-' Torr. This procedure was followed to assure that 
the insulation blanket was thoroughly degassed prior to chilling e': the chamber's liquid 
nitrogen cold wall. Degassing was important since trapped a i r  and moisture between 
thz layers couid have degrad-:d the performance of the multilayer insulation. 
The tests to determine. one-dimensiowl therms1 condwtivity were run OQ configura- 
tions 1, 3, m d  4. These tests were performed using the internally located l a m p  to 
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Table 3 
INSTRUMENTATIBK FOR INSULATION EXPERIMENTS 
Wattmeter 
AC Null  
Voltmeter 
Standard 
Resistor 
24pt. mV 
Recorder 
Digital 
Voltmeter 
Portable mV 
Potentiometer 
Serial No. 
MSL 65414 
LMSC 77629 
MSL 15815 
LMSC 78353 
LMSC 84069 
MSL 54893 
Range 
0- 12 
0-24 
0-48 
0-0.5 
0-5 
0-50 
0-500 
0-10 
0-10 mV 
0-100 mV 
0- 1020 
Precision 
o r  
Accuracy 
0.1 
0.2 
0.4 
0.2% 
0.2% 
0.2% 
0.2% 
0.15% 
0.5 
0.03% 
0.03% 
0.05 
Use 
Internal power 
dissipation 
Voltage across 
internal lamps 
Current ol” 
internal lamp 
circuit 
Monitor model 
performance 
Model thermo- 
couple response 
Model thermo- 
couyle response 
establish the desired temperature condition on the interior surfaces of the test objects. 
Upon achieving steady-state conditions , where the internal and external surface tem - 
peratures were constant with time for a given lamp power-setting, thermocouple data 
were recorded, For each power setting, the time required to achieve steady state 
conditions was approximately 80 to 100 h r  for the full-scale system and 24 to 40 h r  
for the half-scale model. 
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Measurement of internal lamp power dissipation was accomplished as illustrated in 
c~ie following circuit diagram: 
where RL is the resistance of the lamps and Rs is the resistance o f  a standard 
resistor. The voltage drops across the standard resistor and lamp assembly were 
measured with a null balance ac voltmeter with f 0.2% accuracy. In additian, a watt- 
meter was used to give a direct indication of the power dissipation by the lamps. The 
power in the lamps was obtained from the equation 
. 
vL RS 
= P W  (1 - G S )  
where Pw is the wattmeter indicated power and % is the resistance of the watt- 
nieter voltage measuring winding. The term in the parenthesis represents a correction 
of the i~dicated power which takes into account the current shunted through the voltage 
coil of the wattmeter. 
The internal power dissipations for the various one-dimensional tests are given in 
Table 4. For test configurations 1 and 3, steady state temperature data were obtained 
for three different power settings. For configuration 4, initial testing was also done 
for three power settings; however, this was followed by an additional series cf tests 
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Table 4 
INTERNAL POWER DISSIPATION FOR ONE-DIMENSIONAL TESTS 
Q (Watts) 
Configuration 1 Configuration 2 Configuration 4 
4.28 
7.27 
29.9 
4.26 
7.34 
30.2 
2.04 
2.32 
2.74 
3.31 
4.84 
6.87 
8.59 
9.69 
in which data were acquired for several more internal power conditions. The addi- 
tional tests were run to verify previously obtained results and to provide temperature 
dependence data for thermal conductivity over a wider range of temperatures. 
During one-dimensional testing of the internal hw.'.ation wrap configurations (i. e. , 3 
and 4), the spaces between sections were elimina"3d by butting the cylindrical sections 
tightly together. This procedure was followed to ininimize direct losses of energy 
through the gaps and to minimize insulation edge effects. 
Transient tests were run on all four test COP.figulYd'ions. Except for configuration 2 
on which no one-dimensional testing was dow , traiisient testing was done immediately 
following the one-dimensional test series for each particular insulation wrap con- 
figuration. Transient performance testing corrsistc!d of observing the behavior of the 
test objects when subjected to controlled cyclic healing and cooling conditions. Two 
distinctly different external energy rates were employed. In the first, Sectior, A was 
cycled between maximum and minimum temperakmes while the top exterior of Sections 
B, C, anci D were subjected to a constant inciderit heat flux which was set to provide a 
gPsn  average temperature level. 
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For the second case, Section A was held at an average temperature while the top 
exterior of the other three sections was cycled between mavimum and minimum tem- 
peratures. In both cases, thermal cycling of the model was accomplished by a square- 
wave hest flux input from the lamp bank systems. Test conditions for the system 
performance tests are given in Table 5. Figure 34 presents the temperature distri- 
bution on Section A for the full- and half-scale test objects. For the half-scale model, 
both the actual test profile and the profile required froni scaling the pratotype's ais- 
tribution are shown. 
Table 5 -7 
TEST CONDITIONS FOR TRANSIENT PERFORiiANCE TESTS 
Test Run 
Section A cycled and 
top exterior of 
Sections €3, C, D 
constant heat flux 
Section A constant 
heat flux and top 
exterior of Sections 
By C, D cycled 
Equivalent emissive power' 
(W/cmZ) of Section A 
uuring lamps on cycle 
Average temperature (OK) 
of tGp exterior of Sections 
€3, C, D 
Equivalent emissive pover 
(W/cm2) of Section A 
Temperature (OK) of Sec- 
tions B, Cy D during 
lamps on cycle 
Full-scale 
(test) 
0.911 
212 
0.274 
285 
- 
Half -Scale 
[required) 
~~ ~ 
2.296 
267 
0.69 
359 
Hilf-Scale 
(test) 
2.267 
270 
0.708 
363 
The total transient period for the full-scale system was 24 h r  which consisted of the 
lamps on for 12 h r  and off for 12 hr. For the half-scale model, the transient period 
was one-quarter that of the larger system o r  3 h r  of heating and 3 h r  of cooling. Tem- 
peratures at selected points on the models were monitored just prior to the lamps 
turning off at the end of the hcating cycle and again just prior to the lamps turning on 
at the end of the cooling cycls. Cycling of the system was continued until the model's 
temperatures became repeatable from cycle to cycle. When this c x u r r e d ,  the system 
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SECTION A CYCLED AND TOP 
EXTERIOR OF SECTIONS B, C, D 
CONSTANT HEAT FLUX 
319°K 
LAMPS ON (1) 
499 
FULL -SCAI 
(TEST TEM: 
LAMPS ON (2 )  402°K 
628 
HALF-SCALE 
(REQUIRED TI 
403°K JAMPS 
CYCIiE 
ON 
SECTION A CONSTANT HEAT FLUX 
AND TOP EXTERIOR OF SECTIONS B, 
3,D, CYCLED 
(1) 237°K 
350 
E OBJECT 
'ERATURES) 
298°K 
442 
VIODEL 
MPERATURES) 
445 
HALF-SCALE MODEL 
(TEST TEMPERATURES) 
Fig. 34 Section A Temperature Distributions, O K  
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was considered to be in equilibrium, and data for all thermocouples were recorded. 
In addition, at this time, selected thermocouple data were recorded continuously 
throughout the next complete transient cycle. 
,I, 5 ONE-DIMENSIONAL HEAT FLOW TEST RESULTS 
In this section results are presented for the one-dimensional, steady state heat flow 
tests which were obtained for configurations 1, 3, and 4. The primary objective of 
the tests was to determine a functional relaticnship between the length scale ratio and 
the multilayer insulation thickness (t*) for one-dimensional heat flow. Although the 
thickness parameter was used in the study, it would have been just as appropriate to 
use the number of layers since the lairer density of the insulation wrap was assumed 
constant. To accomplish this objectivr it was necessary to determine the effective 
thermal conductivity of the full-scale insulation as a function of hot and cold boundary 
temperatures. During the tests, the hot boundary temperature was set at various 
levels to encompass the temperature ranges predicted for the prototype telescope and 
the complete thermal model of the prototype telescope. The information obtained from 
testing the full-scale model was then used to predict an insulation thickness for a half- 
scale insulation model which was fabricated and tested to verify the analytical pre- 
dictions. The results obtained from testing the two insulation models were extrapolated 
tc a 1/6.43-scale insulation system and applied to the design and construction of the 
QTES model described in Section 5. 
1Le test results are presented in chronological order with a detailed exposition of 
results from test configuration 1 given first. Following the presentation of test re- 
sults, the correlation for modeling the insulation is derived from a comparison of 
results obtained for configurations 3 and 4. 
4.5.1 Configuration 1 Test Results 
Three internal power settings were used to obtain three sets of steady state equilibrium 
boundary temperatures, The power leveis were chosen to give an inner (hot) boundsry 
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temperat.ure , TH , of 220, 275, and 405°K. During these tests the 16 thermocouples, 
which monitored the interior temperatures, indicated a maximum dirferenct of 0.6"K 
from the average temperature, with a maximum temperature spread of 0.8"K. 
Temperatures measured on the outside of cylinders C and D are  plotted in Fig. 35 for 
the high and low power inputs. The large circumferential gradients shown arise 
primarily from the presence of local hot regions in the liquid nitrogen cooled chamber 
walls. During succeeding runs, the chamber was instrumented and the principal hot 
area was identified as the diffusion pump inlet to the chamber. The influence of the 
inlet was essentially centered on Section C and was positioned at the 225-deg position 
corresponding to the peak in the temperature profile as shown in the figure. 
The outer boundary temperature of the insulation, when completely surrounded by a 
cold wall' (Twall 85"K), was calculated from an energy balance relationship to be 
105°K which is close to the temperature measured at the 30 deg position or coldest 
part of Section C. The circumferential gradient of Section D was less than that of 
Section C because the view factor from this section to the pump inlet was smaller. 
The low temperature point of Section D was warmer than that of the other sections 
because of its location near the chamber door and also due to the presence of nearby 
uncooled support structure as shown in Fig. 22. The average temperature of Section D, 
however, was close to that of Section C. Section B ran somewhat cooler than D, but 
with about the same temperature profile. This occurred because Section R had a 
negligiblc view of the support structure as well as a small view of the pump inlet. 
The external temperatures of the insulated end disks were also higher than expected 
and exceeded the cylinder temperature by as much as 26°K. The cause of this was 
traced to a relatively hot area in the center of each chamber door. 
To analyze the perforr. mce of the multilayer insulation, it was necessary to specify 
the outer boundary temperature by some average value. An exact analysis would have 
required an exiensive thermal network calculation in order to account for the presence 
of two-dimensional heat flow, This was impractical both from the standpoint of the 
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effort involved and the uncertainty of arriving at any better results with the available 
input infomiation. The average exterior temperature of Section C was taken from the 
data plot of Fig. 35. Since only three temperatures were measured for Section B 
and D, their average temperatures were estimated by scaling the werage of Section C 
in proportion to the temperature differences between the three temperatures of 
Section B (or D) and the three corresponding temperatures of Section C:, 
Analysis of the data to obtain thermal conductWty was accomplished by dividing the 
heat flow through the insulation into two parallel flows given by the equation: 
A K  c c -  A K  e e -  
ATC 
tC 
Q = -  ATe + - (4 .2)  
where the subscripts e and c refer respectively to the ends and cylinders. The 
value of Ke was taken as 
Ke = HKc 
.where the proportionality constant €1 is a function of the relative layer densities and 
boun4ary temperatures. From previous work on multilayer insulation (Ref. 13), H 
was taken as 1.25 due to the higher layer density of the ends (36.6 layers/cm as 
compared to 28.3 layers/cm for the cylinders). 
The effective thermal conductivity of the cylindrical portion of the wrap was calculated 
from 
[ AemTe Acme,-' 
Kc = Q -!-- 
te tC 
(4.3) 
The temperature dependence of Ke/Kc was taken into account by first neglecting this 
influence to establish approximate values of Kc as a function of temperature and tnen 
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iterating the calculation using the approximate temperature dependence sstablished 
from the first calculation. The largest change in H due to the temperature effect 
was 8% as a result of a 30°K higher outer boundary temperature. Due to the smaller 
area of the end sections, this lowers the Kc value by only 1%. The resultant effec- 
tive conductivity values a re  summarized in Table 6 along with the average hot and cdc! 
boundary temperatures (?, and Fc) of the cylindrical sections. 
- - - 
Q TH TC Te 
(Watt) (OK) ( O K )  (OK) 
4.28  219.8 121.2 147 .0  
7.27 , 274.4  122.9 149.7 
29.9’  405 .3  133.4 160.3 - 
Table 6 
SUMMARY OF ONE-DIMENSIONAL TEST RESULTS 
FOR CONFIGURATION 1 
KC 
(W/cin-OK x 10-6) 
1 . 0 1  
1.. 10 
2.47 
I-- 
4 .5 .2  Configuration 3 Test Results 
The insulation for this test configuration was wrapped internally using the same stain- 
less steel cylindrical skin as used for configuration 1. It therefore had a slightly 
smaller effective area than thet of previous configurations, In addition, this configura- 
tion had two circumferential butt joints at the interfaces between Sections B and C azc! 
between Sections C and D. 
The outer bourdary temperature profiles were similar to those of the external wrap 
configuration with the exception that the circumferential gradients were reduced by 
as much as  a factor of 2 as shown in Fig. 36. The suppression of the gradients re-  
sulted from the relatively high thermal conductivity of the skin which was located on the 
cold boundary side of the insulation for this configuration. The interior temperatures 
were again uniformly isothermal. 
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A EXTERNAL WRAP Q = 29 .9  w 
OINTERNAL WRAP Q = 3 0 . 3  w 
0 100 200 300 
POSITION (deg) 
Fig. 36 Comparison of Exterior Temperatures for One-Dimensional 
Heat Flow - Test Configurations 1 and 3 
For this configuration, the end sections were blackened on the exterior, This resulted 
in the end temperrtures running closer to the average cylinder temperature and show- 
ing less var,,tion with input power, 
Again, three data points were obtained, and the effective conductivities calculated 
following the same procedures as  used for test configuration 1, The average tem- 
peratures and conductivities a re  presented in Table 7.  
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Table 7 
SUMMARY OF ONE-DIMENSIONAL TEST RESULTS 
FOR CONFIGURATION 3 
- 
Q TH 
(w) ( O K )  
4.26 219.8 
7.34 267.6 
30.2 410.1 
- - 
KC ?E) (W/cm-"K X T C  (OK) 
120.5 140.1 1.06 
120. B 140.0 1.21 
128.4 143.1 2.60 
Previous investigations of multilayer insulation systems (Ref. 15) have shown that the 
effective themal conductivity, as measured in the present experiments , can be related 
to the bocndaiy temperatures by 
in which the solid coiiduction and radiative heat transfer are treated as parallel heat 
flows. In this equation, n is the layer density (layers/cm), N is the total number 
of layers, and u is t'le Stefan-Boltzman constant. The coefficients A and B are 
functi -1s 01 the properties of the specific multilayer components and were treated as 
constants. In the work ai Ref. 15, the coefficients have been experimentally evaluated, 
allowing Eq. (4.4) to be written as 
K~ = 0.370 x ( T ~  +- + 1.75 x P - J - ~  a (T: + T;)(T~ + T ~ )  (4.5) 
in which n = 28.3 layers/cm and N = 36 have been used. The type of insulation 
for which the above equation was derived was an aluminized mylar/Dexiglas insulation 
system with no button attachments o r  insulation joints. From practical experience , 
this insulation would be expected to have a lower conductivity than the insulation 
tested for the present program. 
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The test results obtained for configurations 1 and 3 are compared in Fig. 37 to thermal 
conductivity values calculated using Eq. (4.5). In Fig. 37, t h e m a l  conductivities 
have been plotted against the radiative potential u (T i  + TE) (TH .t Tc) , The values 
froin Eq. (4.5) follow essentially a linear behavior, especially at higher temperatures. 
3.0 
h w 2.0 
I 
0 
rl 
X 
s 
E 
I 
0 
\ 
5. 
2 1 .Q 
0 FULL-SCALE EXTERNAL WRAP 
A FULL-SCALE INTERNAL WRAP 
-CALCUL+.TED, TC = 120°K 
I I I I I I 
1 2 3 4 5 6 
Fig. 37 Insulation Thermal Conductivities for  the Full-scale Interior and 
Exterior Wraps 
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The straight line representations of the experimental data show that the external wrap 
was slightly better in insulative performance. This would be expected for several 
reasons which include the presence of two butt joints in the internal wrap and the diffi- 
culty in constructing the internal wrap with the quality of the external wrap. Errors 
associated with the experimental determination of the parameters involved in calcu- 
lating any one point of Fig. 37 are small enough so that the true value lies within the 
circle inscribing the plotted point. However, the largest uncertainty in an experiment 
of this type is that of determining when steady state conditions have been reached. In 
the course of an experiment involving multilayer insulation, the temperatures may 
appear to have stabilized when in fact a sizable transient is propagating through the 
insulation. An inspection of the data indicates that this was the case for the mid- 
temperature point of the external wrap. 
4.5.3 Configuration 4 Test Results 
For materials preservation modeling the scaling criterion for the insulation may be 
stated as 
K *Ai 
-= L* 
t* 
or  since the distortion of the insulation area is small, A: = L*2 and Eq. (4.6) 
becomes 
K* 1 
t* L* 
- -  _ -  
(4.6) 
(4.7) 
Since it is impossible to maintain K* = 1 and have strict geometrical identity with 
t*  = L* , it is x c e s s a r y  to distort t* in accordance with Eq. (4.7) onc3 the value 
of K* has been determined. 
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Values for K* were generated from the data of Fig. 37 as  a function of the full-scale 
insulation temperatures. The hot bomdary temperature of the full-scale model was 
assumed to scale upwards by (w,*)''~ = 1.26 in dcsigning the half-scale model. 
The cold boundary temperatures were assumed unaffected by the scaling since the 
half-scale rilodel was close!y coupled to the unscaled liquid-nitrogen cold wall. Also, 
any small  changes in Tc ~ 4 ~ 1  not affect the value of K* since K is a weak function 
of Tc for the present case. 
TC 
(OK) 
120 
121 
125 
Results of the calcdation fo: three temperatures modeled to Tb = 1.26 TH are given 
in Table 8 as Kgeas. In this table P = o(Tc+ TH) (Tc t Tk) , and the primed 
quantities refer to the half-sca!-e model. For comparison, K& values are included 
which were derived from th? calculated conductivity curve of FQ. 37. The agreement 
between KGeaS and KZalc is apparently fortuitous. In %e range of 220 to 335"K, 
the variation of K* is 20%. For the design of the half-scde model, a mean TH of 
270°K was taken as the model point with the resultant K* = 1 . 4 2 .  
2 
. P  P' 
K&lc 
TH Th 
(OK) (OK) ( ~ / c m 2 - 0 ~  x 10-4) (tV/cm2-01< x 10-4) K&eas 
220 277 1 . 2 1  2.05 1.30 1 .46  
270 340 1 . 9 4  3 .41  1 .42  1.57 
335 422 3.34 6 . 0 1  1 . 5 4  1.68 
1_-1--  
From Eq. {4.7), the t* valuc; can be defined as t* = 0.71 , and since the total number 
of layers, N , is proportional to t 
N' = Nt* 
= (36)(0.71) 
= 25.6 
Table 8 
COMPARISON OF MEASURED AND CALCULATED THERMAL 
CONDUCTIVITY MODEL RATIOS (K*) 
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The actual wrap used for the half-scale model consisted of 27 layeis of insidation n-it11 
t*  = 0.75. This was done so that any necessary adjustment in the insulation could be 
accomplished by removing layers rather than adding layers. 
During the half-scale modcl testing, additional temperatures were measured 311 the 
external surfaces in order to obtain a better definition of the temperature profile. A 
typical profile for Section C is shown in Fig. 38 and compared to an equivalent power 
i n p +  of Q 
half-scale system had increased by 6 :6 ,  the external temperatures were relatively 
unaffected as the smaller model was less affected by the hot areas of the chamber. 
In fact, the irlcreases in average temperature were less than 2%. 
= 0.64 % kom the full-scale internal wrap. Although the Q/A for the m 
1 4  
134 
12( 
110 
1oc 
0 HALF-SCALE Q = 2 .74  w . TH = 272°K 
FULL-SCALE Q z 4.26 w . TH 220°K 
0 100 200 300 400 
ANGULAR POSITION (deg) 
Fig. 38 Comparison of Exterior Tempcratures for One-Dimensional Heat Flow - 
Test Configurations 3 and 4 
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The data for the half-scale tests are presented in Table 9.  Eight data points were 
acquired in an attempt to determine the validity of using a linear relationship between 
the thermal conductivity and the radiation potential. The previous data for the full- 
scale models showed some indication of an increasing slope with increasing P 
(radiative potential). This would be an opposite behavior from the calculated curve 
of Fig. 37, and could only result from some experimental inconsistency in temperature 
or power measurement. 
130.7 
129.8 
132.5 
133.6 
135.1. 
136.1 
136.3 
139.7 
Table 9 
SUMMARY O F  ONE-DIMENSIONAL TEST RESULTS 
HALF-SCALE INSULATION MODEL (CONFIGURATION 4) 
1.24 
1 .31  
1 .37  
1.47 
1 .71  
2 .01  
2.16 
2.42 
2.04 
2.32 
2.74 
3.31 
4 .84  
6.87 
8.59 
9.69 
243.7 
254.4 
271.6 
291.5 
336.6 
382.0 
406.3 
428.5 
- 
:ql 
120.4 
121.1 
122.0 
123.0 
125.1 
126.3 
128.7 
130.1 
I 
- 
KC 
("K) Te I (W/cm-"K x 
The condactivities are plotted against the radiative potential in Fig. 39 , showing that 
experimental data is self-consistent and closely fits a linear relationship. A compari- 
son of these results with those obtained for the full-scale insulation tests shows that 
the slope of the conductivity curve has decreased by approximately 30%. This behavior 
is puzzling since the only mechanisms (i. e. , heat leakage around joints and two- 
dimensional heat flows) to account for this behavior which a re  functions of scaling would 
be expected to produce an opposite trecd. This being true, a probable explanation is 
that the half-scale insulation was physically different and in fact had a different tem- 
perature dependence, such as would arise from a lower layer density as indicated by 
Eq. (4.4).  The difference cannot be attributed to the total number of layers used for 
the model since a change in N of a few layers would only represent a 1% change in I(. 
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A comparison of the interior hot boundary temperatures for the half- and full-scale 
tests is made in Fig. 40, The total heat input and temperatures of the half-scale tests 
have been mdtiplied by 1/0.63 and 1/1.26 , respectively, to produce a direct com - 
parison to the full-scale results. A straight line has been drawn through the three 
points of the full-scale tests and can be used to estim8te the deviation of the one-half 
scale model points. It is evident that good agreement is attained with the half-scale 
temperatures falling slightly below the full-scale temperatures. 
4.5.4 Insulation Design for the 1/6.43-Scale Model 
The OTES thermal model discussed in Section 5 was designed with an overall length 
ratio L* = 1/6.43 . To provide an insulation wrap which would nominally model the. 
OTES prototype insulation system , the data from the multilayer experiments were 
utilized to provide scaling criteria for specifying the number of layers. The more 
precisely defined thermal.conductivity versus radiative potential curve for the half- 
scale insulation model was used in characterizing the prototype insulation, 
The boundary te.mperatures of the prototype insulation were in some cases much lower 
(w 60°K) than could be achieved in the test chamber with a liquid nitrogen cold wall. It 
was therefore necessary to extrapolate the data of Fig, 39 down to P = 0.36 x 
This was done in two ways: (1) the extrapolated curve was allowed to fall te zero as 
P approached zero in the same manner as the calculated curve of Fig. 37 (this extrap- 
olation wirs based on evidence that the knee of the thermal conductivity curve begins in 
the region of the lowest temperature data points); r,nd (2) the extrapolated curve was 
continued in a linear fashion. With the first approach, K* equals 2.36 for a radiative 
pcrteiitial of P = 0.56 X which corresponds to the prototype mean operating 
temperatures. For the boundary temperature extremes, K* remains fairly constant, 
giving values of 2.35 and 2.56 for radiative potentials of 1.02 x and 0.63 X , 
respectively, This behavior is coincidental with the prototype temperatures being in 
the region of sharply decreasing K . The second approach of using a linear extrapola- 
tion yield a K* of 1.67 for the mean temperature point and K* values of 2.11 and 
1.46 for the high and low temperature extremes. 
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To determine the configuration of insulation wrap for the model, K *  = 2.36 was used, 
giving 
t* = K*L* = 0,337 
From Eq. (4.7); the number of layers was determined to be 
Nm = N t* 
P 
= (36) (0.367) 
= 13.2 
Nm was further reduced because of h e  N/(N - 1) dependence of the radiative term in 
Eq. (4.5). This has the effect of reducing Nm by a maximum of 5% to 12.5 layers. 
From the previous considerations, a 13-layer wrap for the model was decided upon. 
The distortion that this induces into the transient response of the insulation may be 
found from 
p*V*C*T* - K *AiT * 
0" t*  
- 
The volume ratio is t*A; so  that 
0" = - t*2 p*c* 
K *  
(4.8) 
(4.9) 
and since t*  = K*I,* and p* = 1,  t!ii~ gives 
(4.10) 2 e *  = K*C*L* 
From Eq. (4.10) it can be seen that the transient response is distorted from exact 
materials preservation modeling by C*K* , For the present case in designing the 
insulation for the OTES thermal model, L* = 1/6.43, C* = 1.88 (Ref. 13), and 
K* = 2.36 , This results in an insulation time scale ratio of 0 *  = 1/9.35 as com- 
pared to a value of e* = 1/41.3 which is obtained for the case of pure materials 
preservation and exact geometric similarity modeling. 
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4 . 6  TRANSIENT PERFORMANCE TEST RESULTS 
Figures 41 through 44 present the transient thermal histories observed on the four 
configurations for the test condition consisting of temperature cycling of Section A 
while the top exterior surfaces of Sections B, C, and D a re  exposed to constant heat 
flux. The data represent the transient behavior after the system had reached a state 
where the temperature data w m e  repetitious from cycle to cycle. It can be seen that 
emission of energy from Section A caused periodic heating of the interior of Sections B, 
C,  and I). It is interesting to note that internal cycling of the three insulated sectiws 
had o ~ l y  a minor influence on external surface temperatures. The exterior top sur- 
faces exhibited essentially no change in temperature while the bottom surfaces experi- 
enced fluctuations on the order of f 7 to f 10"K, depending on the test configuration 
observed. At 115"K, the f 10°K temperature change, for a surface emittance of 0.9, 
is directly related to a change in flux density of AQ = 3.34 X 
2 hr-ft ). A similar change in flux density for the top surface (T = 214°K) would cause 
a change in temperature AT = 1.6"K. This small influence would not be accurately 
recorded by the monitoring instrumentation which had a range of 10 mTJ and a least 
count of 0.05 mV (= 1°K). 
2 W/cm (1.06 Btu/ 
A comparison of configurations 1 and 2 (Figs. 41 and 42) shows a difference in their 
respective transient cooling cycles, with the latter configuration reaching lower tem - 
peratures at the end of the cooling period. This difference in behavior was caused by 
a small amount of energy unknowingly being emitted from the lamp system of Section A. 
The sharp leveling off of Section A temperatures during the cooling cycle strongly 
indicated that the lamps were not being compietely turned off, even though visually !\e 
lamp bank appeared not to be on, Examination of the lamp controlle: unit at the start 
of configuration 2 testing disclosed that a bad diode was causing the system to operate 
incorrectly. The defective component was replaced and the controller operated prop- 
erly during the remaining transient tests. Retesting of configuration 1 was no!. thought 
to be necessary since during the transient heating period the thermal behavior was 
very similar to that of configuration 2, which indicated thermal similarity between the 
two configurations, This similarity was verified by comparing results from the 
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transient tests involving cycling of the top exterior of Sections B, C, and D while main- 
taining Section A at constant temperature. These results are presented in Figs. 45 
and 46, which show almost identical behavior between the two configurations 
In comparing thermal behavior of the external insulation wrap of configuration 2 
(Fig. 42) with that of the internal wrap of configuration 3 (Fig. 43), a large difference 
in transient response of the internal surface temperatures can be seen. The internal 
surface temperatures of configuration 3 responded much more rapidly to cycling of 
Section A than did the internal temperatures of configuration 2. The difference in 
thermal behavior was due to a change in mass specific heat (mC ) of the internal P 
surface from one configuration to the other. For configuration 2, the mass specific 
heat was primarily that of the internal stainless steel skin, whereas for configuration 3, 
the mass specific heat influencing the immediate transient response was that of the 
first few layers of the multilayer insulation blanket plus a contribution by the black 
silicone paint. The rapid response of configuration 3 internal' surfaces to changes in 
Section A temperatures was due to the low mC of the internal surfaces. Therefore, 
the results show that for this type of system an external wrap cannot be substituted for 
an internal wrap when transient performance is an  important consideration. It was 
observed, however, that the internal wrap had insulating qualities through the blanket 
equal to those of the external wrap. This is illustrated in the transient results by 
noting the similarity in external swface temperature behavior for the two configura- 
tions as shown in Figs. 42 and 43 and by comparing internal surfiice thermal behavior 
of the two systems as presented in Figs. 46 and 47. 
P 
Figure 44 presents the transient thermal behavior of the half-scale insdation model 
(i.e., configuration 4). Both temperature and time scales have been scaled according 
to the modeling criteria in order to compare performance of the half-scale model 
directly to that of the full-scale insulation model. For these tests the ratio of time 
from the full- to half-scale modelwas 8* = 1/4 and the corresponding temperature 
ratio was T* = 1.26 . A corngarison of Figs, 43 and 44 shows that the overall be- 
havior of the full-scale system was portrayed quite reasonably by the model. In 
particular, at the end of each half-cycle , the iriterior temperatures, which were of 
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primary interest in this investigation, were accurately forecast. A close comparison 
of the transient cooling cycles in the! two figures, however, shows that the cooling 
rate of the prototype as predicted by the model (Fig. 44) was not as rapid as that 
measured on the prototype (Fig. 43). An analysis of the data showed that this could 
be accounted for, in part, by the distortion in the insulation's thickness which was re- 
quired in order to model the one-dimensional thermal conductivity as discussed in 
subsection 4.3. However, the difference in cooling rates was more than could be 
attributed to this one item alone. A following inspection of the model revealed that an 
e r ro r  had been made in fabrication of Section A. While the section should have been 
one-half the thickness of the prototype, it was actually constructed having the same 
thickness as the prototype. This was somehow overlooked during assembly and check- 
out of the system. The additional mass of Section A resulted in failure of this section 
to have the proper time constant and, along with the additional mass of the extra thick- 
ness of insulation, caused slow cooling of the model. The influence of the additional 
mass of Section A on distortion of the time scale was approximately twice that which 
was attributed to the additional mass of insulation. While heating rates were also 
affected, the effects were not as pronounced since during heating the primary influence 
was due to the extra mass of insulation. The extra mass of Section A had very little 
influence during the heating portion of the cycle since the driving force for the heating 
cycle was furnished by an automatic control system powering tungsten lamps surroulid- 
ing Section A rather than radiation to the chamber walls. This becomes apparent chen 
a close comparison is made between the heating curves of Figs. 43 and 44. The tran- 
sient behavior of Section A is essentially the same in both cases, whereas the heating 
rates for the half-scald model's interior surfaces are slower than for those of the 
prototype. 
In spite of the e r ro r  in fabrication of Section A, the results verified that the tube itself 
had been modeled as planned. Average temperatures and temperatures at the end of 
heating and cooling cycles were accurately portrayed for the interior surfaces. 
Temperatures for the exterior surfaces were found to be lower than predicted from the 
model laws. The difficulties at  the low temperatures for the exterior surfaces of 
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Sections B, C, and D and for Section A were due to test chamber conditions. Complete 
conformance with the model criteria requires that all temperatures, including those of 
the surrounds, be controlled to a single temperature ratio T* . For th i s  experiment, 
the ratio was T* = 1.26. Therefore, the  chamber wall should have been increased 
in temperature from 85 to 107°K for the half-scale model tests. This could not be 
accomplished with the liquid nitrogen cold wall system and resulted in a surrounds 
temperature for the half-scale test that was 22°K too low. The magnitude of the influ- 
ence of this chamber condition i s ,  of course, dependent upon the test object tempera- 
ture and is most apparent at the lower model temperatures. 
Figures 45 through 48 present the transient thermal histories of the four configurations 
when the top exterior surfaces of Sections B, C, and D are being temperature cycled 
and Section A is being maintained at a constant average tsmperature. Comparison of 
configuration 1 and 2 temperatures shows essentially no difference. Comparison of 
c.onfiguration 2 and 3 temperatures shows a slight difference in behavior but not enough 
difference to indicate significant changes in thermal performance between internal and 
external insulation wraps. Since the interior temperatures are primarily influenced 
by energy from Section A, large differences in transient behavior between the internal 
and external wraps do not show up in this test where the exterior is being temperature 
cycled. The figures show that fluctuations in exterior surface temperatures have only 
a minor influence on interior surface temperatures. 
The transient behavior of the half-scale model for this test condition, for presentation 
purposes scaled in terms of prototype temperature and time according to T* = 1.26 
and 0* = 1/4 , is given in Fig, 48. Comparing these data with those given in Fig. 47 
verifies that the multilayer insulation thermal insulating properties were satisfactorily 
modeled. For this test condition, the e r ro r  made in fabrication of Section A had no 
influence on the results since that section is held at a fixed average temperature. 
Similar to that which occurred for the previous test condition, temperatures of the 
exterior surfaces did not model correctly for the colder regions. The model predicted 
colder temperatures for the prototypes than were measured on the prototype due to the 
influence of the chamber wall temperatures which were not scaled according to the 
modeling criteria. 
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A numerical comparison of the results for test configurations 3 and 4 IS presented in 
Tables 10 and 11 where temperatures measured at the end of heating and cooling cycles 
have been tabulated. These temperatures were obtained just p i o r  to initiation of the 
following heat o r  cool cycle and provide a measure of the absolute accuracy of model 
predictio i. Inspection of the tables show that interior surfaces of the tubs were 
modeled with a maximum difference of AT = -9°K and an average difference on the 
order of -4°K. Better accuracy was achieved for the interior of Sections C and D than 
for the interior of Section €3 at the end of the cooling cycle. Section I- -{as thermally 
coupled much closer to Section A than were Sections C and D, and thus, this section 
for the model ran colder at the end of the c o d  cycle because of the influence of Section 
A. Heating cycle temperatures were very favorably predicted, Exterior surfaces a re  
shown to have a maximum e r ro r  of -22°K for the lowest exterior temperature due to 
the influence of the liquid nitrogen cooled chamber walls, 
The figures presented in this section give data for 'only a few of the 42 temperatures 
monitored during each test. It shodd be noted that for all. configurations the interior 
surfaces of Sections C and D were essentially isothermal around the circumference, 
The interior surface of Section B was nearly isothermal around the circumferences, 
with the maximum difference in temperature from top to bottom being approximately 
5°K. This shows that the large temperature gradients existing on Section A during 
the first series of tests had very little effect in causing gradients on the blackened 
interior surfaces of the insulated sections, 
4," CONCLUSIONS 
Results from the multilayer insulation experiments have shown that steady state heat 
flow perpendicular to the insulation layers can be modeled effectively using a materials 
preservation approach. This was demonstrated by results from one-dimensional tests 
which showed that excellent correlation of temperatures was obtained between a proto- 
type r.ud half-scale model, The modeling criteria used for the imulation was 
K*/t* = 1/L* which introduced a distortion in the transient response of the model. 
due to a necessary distortion in the insulation thickness rstio, t *  , This, however, 
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Table 10 
MODELING RESULTS FOR SECTION A CYCLED AND TOP EXTERIOR 
AT CONSTANT HEAT FLUX 
(T* = 1.26; Temperature - ' K) 
Interior B 
Interior C 
Interior D 
Exterior C 
Exterior C 
Top Section A 
Bottom Section A 
--* 
".'m I Full-scale Tp I Hal,:-Scale Location 
317 398 316 
3 04 381 3 02 
302 375 298 
213 27 0 215 
121 136 108 
318 403 319 
409 508 404 
~~~ - ~- ~~ 
Interior B 
Interior C 
Interior D 
Exterior C 
Exterior C 
Top Section A 
Bottom Section A 
End of Cooling ,:ycle 
144 
1 46 
149 
210 
105 
140 
142 
- 
170 
180 
184 
269 
117 
152 
155 
135 
143 
146 
213 
93 
121  
123 
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-9 
-3 
-3 
3 
-12 
-19 
-19 
-1 
-2 
-4 
2 
-13 
1 
-5 
Table 11 
MODELING EESULTS FOR TOP EXTERIOR CYCLED AND SECTION A 
AT CONSTANT HEAD FLUX 
(T* = 1.2€, Temperature - O X )  
241 
2 9  
226 
115 
96 
233 
298 
I AT Tm/T* Pull-Scale Predicted I Tp Location 
a 
0 
-1 
-22 
-14 
-2 
-2 
Interior B 
Interior C 
Interior a 
Exterior C 
Exterior C 
Top Section A 
Bottom Section A 
-I_ 
304 1 241 
End of Cooling Cycle 
1 
0 
-1 
3 
239 
229 
227 
137 
110 
235 
300 
3 04 
289 
285 
145 
121 
294 
376 
End of Heating Cycle 
Bottom Section A 
Interior B 
Interior C 
Interior D 
Exterior C 
Exterior C 
Top Section A 
240 
231 
229 
285 
111 
237 
300 
291 
287 
363 
123 
2.: f 
37 rj 
-- 
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did not cause serious errors in the half-scale model's transient performance since, 
for the cyclic transients of interest to this program, the exi .>rior thermal inputs 
resulted in very minor interior skin temperature fluctuations. 
The results from the transient performance tests also showed that the heat flow per- 
pendicular to the layers had been properly modeled. Temperatures at the ends of the 
transient heating and cooling cycles, as well as the average temperature of the system, 
were modeled with reasonable accuracy between prototype and half-scale model. 
Tramiert t e ~  king was done primarily to study the prototype telescope's transient ther- 
mal behzvior and to study the effects of thermal modeling on OTES thennal perform- 
ance. Xn addition, these tests were ~ u n  to investigate the influence of varying wrap 
corfigurations OR the systexz's performance. The tests showed that the primary driving 
force g7hie'n e8 tablisbed temperatwe levels and influenced transient behavior of the 
itzterior surfaces of the insulated sectboas was that Df radiant energy emitted From 
Seeticn A. Heat input t~ the extwior of the insulated sections had very little inhence  
on interior surface temperature response. The tests showed that distortion of the 
insulation% thickness scale ratio it*) a d  accompanying distortion of the systein's 
totstl mass specific heat ratio (p*V*C*) between insuhtion prototype and half-scale 
model caused the transient response of the model to be different than t b t  of the proto- 
type. However, exact modeling of the instalation's t r m i e n t  behavior &as of I r k o r  
importance to the perfomznce of the compbte telescope model since the temperature 
levels of critit al optical components are esbblished by the average temperatures for 
each cycle. 
P 
The invesMgatior; of various wrap configurations showed that the presence of gaps in 
the hulation blanket between cylina. ical segments of the system had negligible effect 
on the overaK1 thermal perfomname. Thus, the complete OTES thermal model could 
have heen constructed wing either a continuous or segmented insulation wrap even 
though a. segmented wrap is planned for use on the OTES protot.ype telescope. The 
tests showed that R substantial difference in transient response can be expected when 
using an external instead of an internal insulation wrap on systems which have skin 
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structures with large mass specific heats. It was found, however, that the one- 
dimensional thermal conductivity was essentially the same for both the internal and 
external wraps. 
The results obtained from testing the half-scale model confirmed that the techniques 
developed for selecting the insulation wrap configurations for smaller models were 
valid. Using these techniques the insulation wrap configuration for the 1/6.43-scale 
thermal model of the OTES prototype telescope was selected. Performance of the 
modeled insulation proved satisfactory as shown by results presented in the following 
sections which discuss the performance of the complete telescope thermal model. 
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Section 5 
TELESCOPE MODEL 
5.1 MODELING CRITERIA 
Design of the telescope model required the use of both thermal and structural modeling 
criteria tc establish length, temperature, time, and stress ratios. The derivation of 
criteria for thermal modeling in the radiation-conduction coupled space thermal en- 
vironmcnt has been presented by numerous authors (see, for exampie, Refs. 1, 4, 5) 
using slightly different approaches. In view of the ready avaiiability of these presenta- 
tions, the derivations will not be repeated herein. A somewhat general derivation of 
the thermal model criteria results in the following statement: 
K *A:T * 
L* 
- = A;"** = AI*I* = &* = p*V*C*T* e *  (5.1) 
where the starred quantities are ratios of properties between the mo .el and prototype 
at  each geometrically similar point. Thus, T* = T /T for similar points on the 
model and prototype. The symbols used are defined as 
m P  
p* = pm/pp = densityratio 
C* = Cm/Cp = specific heat ratio 
V* = Vm/V = volume ratio P 
e* = e / e  = time ratio 
K* = Km/Kp = conductivity ratio 
m P  
L* = Lm/Lp = length ratio 
Af = A /AI 
= area ratio of areas receiving radiation from external sources 
*m P 
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A;E = A 
AT = Ai /Ai 
T* = T /T = absolute temperature ratio 
Q* = Qm/$ = ratio of rate of energy dissipation within the model and prototype 
I* = I , j  
/An = area ratio for areas perpendicular to conductivity path 
nm P 
= area ratio for areas interchanging radiant energy 
m P  
m P  
= intensity ratio of external sources of radiant energy 
I?- 
Equation (5.1) can be reazranged to provide any desired form as long as the indicated 
identities remain satisfied. 
To establish the simple form presented in  Eq. (5.1) required the assumption that 
certain requirements of thermal design will be met. These are: 
(1) Complex radiation shape factors must be identical for the model and proto- 
type. This requires that comparable surfaces have the same thermal 
radiation properties. 
(2) The property ratios, i. e. , C*, K* , p * ,  A * ,  etc., are single valued 
under all operating conditions for all geometrically similar locations. 
(3) Geometric identity is required if  point-by-point similarity is to be achieved. 
When these assumptions are met, and the model designed so that the identities in 
Eq. (5.1) are satisfied for all elements of the model, then the model will theoretically 
provide a precise indication of prototype transient and steady state thermal behavior. 
For cases where transients are not involved, the term containing the specific heat 
need not be considered and may be dropped from the equation. 
The criteria that must be satisfied for proper modeling of the structural behavior of 
a telescope system whose performance is closely tied to thermal stresses have not 
received as much attention in recent literature as those for thermal modeling. There- 
fore, a review of the basic considerations leading to establishment of the model criteria 
is offered as part of this repdrt. 
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Two general approaches a re  available to formulate model. laws for structural behavior. 
One is to derive them from an analytical solution of the structure. The other is to 
consider the governing equations from which the solution is derived. Using the second 
and more basic approach leads directly to the ratios required for use in this program. 
The three-dimensional expression of Hooke’s law is 
The shear stress is related to CT by 
(5.2) 
. These equations use the standard 
yYZ with similar relations for T~~ , T , and yxz , 
nomenclature where ex,  e 
in the x , y , and z directions, respectively. E is Young’s modulus, a the coef- 
ficient of thermal expansion, AT a temperature change in the element from some 
reference base temperature, p Poisson’s ratio, T the shear component in a plane 
perpendicular to the x axis and in the y direction, and y 
YZ 
eZ and crx , (r , uZ are strain and s t ress  components Y 7  Y 
XY 
the shearing strain. 
XY 
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From Eqs. (5.2) and (5.3),  the model ratios are 
T *  U* * 
y* x* z*  
z=x=7zx 
T* T* p* - x y = x y  '& - E* E* 
In these relations, the asterisk again denotes a ratio between the model and prototype 
(T* = Tm/T ) which must be identically satisfied for each point and is invariant over 
all test conditions. Since the great majority of complex structural models must be 
geometrically similar in three dimensions, Eqs. (5.4) reduce to 
P 
* * *  y * = L = L k  
E* E* 
Equations (5.5) clearly show that p* = 1 to properly simulate the thermal stress 
behavior. This requirement is of particular importance where the three-dimensional 
s t ress  condition must be duplicated in detail. For a problem where only longitudinal 
stresses are of concern, it is possible to relax this requirement. 
Setting ,u* = 1 
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The scaling laws are derived from overall considerations in terms of lengths, forces, 
body forces, and boundary conditions. For example, the force at a section is pro- 
portional to the stress times the area F m oA . Therefore F* = u * L * ~  where L* 
is the model scale fbctor, L*, = L /L . Forces, aoments, linear deformations, 
and angular deformations alt3 found a s  follows in Table 12: 
m P  
Table 12 
STRUCTURAL SCALING LAWS 
Effect 3caling Law 
M* C * L * ~  = E*L* 3 a*(AT)* Moments: Ma! oAL 
Linear Distortions : y* = e*L* = L*a'*(AT)* 
Angular Distortions: e* = *L* = (a*L*/E*) = L*a*(AT)* 
This listing relates the ratios of Eqs. (5.6) to those macroscopic structural changes 
which are of primary interest. 
5.2 MODEL DESIGN 
Design of the model was based upon the geometries and surface coatings specified in 
Section 3 after completion of initial thermal design. The results of the thermal studies 
showed that the primary mir ror  would be nearly uniform in temperature and undergo 
less than f 1°K peak-to-valley transients. The secondary mir ror  support rqds were 
expected to have a considerable temperature difference from end to end (w 25°K) and 
to experience considerable transients (+ i 7°K). The multilayer insulation would pro- 
vide a nearly adiabatic wall with respect to energy entering the tube aperture and 
would effectively damp out external transients, These three operating conditions were 
used as primary guidelines during design of the telescope model. 
5 -5 
LOCKHEED P A L 0  ALTO RESEARCH LABORATORY 
L O C K H E E D  M I S S I L E S  6 S f A C E  C O M P A N Y  
A Q R O U P  D I V I S I O N  OF L O C K H E E D  A I R C R A F T  C O R P O R A T I O t <  
5.2.1 Primary Mirror Design 
The prototype primary mirror consisted of a three ssgment parabolic quartz mirror,  
approximately 2 meters in diameter, with a 6-meter foc&l length. The three segments 
of the primary would be forined from blanks having a nominal diameter of 1.14 meters. 
A number of model approaches were considered for construction of the primary mirror 
within the limits of reasonable operating temperatures, length ratios time constants, 
and ease of fabrication. Consideration was given to the use of both plastics and metals 
for purposes of obtaining a sufficiently iLigh value of CY * (the ratio of thermal expan- 
sion coefficients) to permit direct strain measurements. However, the thermal con- 
ductivities of these materials exceeded allowable lower and upper limits of k* that 
could be used in combination with the necessary scale ratio (less than 1/5 to fit in the 
test chamber) and maximum temperature ratio (no greater than 2). This can be seen 
by consideration of the steady state criteria 
K *AgT * 
L* = ATT*4 
Using identical geometry, which was necessary for proper figuring of the mirror 
gives A: = A t  and reduces the criteria to 
The allowable span of length and temperature ratios fell in the ranges 1/7 < L* < 1/5 
1.5 < T* < 2.  These limits restricted the selection of materials to 0.48 < K* < 1,5.  
Unfortunately, neither metals nor plastics fa l l  within the necessary range which limited 
the material selection to glass. 
A seprch of available informzttion on the thermophysical properties of glasses was 
made and followed by numerous primary mirror designs, The best design called for 
the use of Pyrex in construction of the primary mirror. A comparison of the most 
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probable pi9perties of fused quartz (Corning 7940) at 175°K and Pyrex at room tem- 
perature is presented in Table 13. 
Table 13 
PROPERTIES OF PYREX AND FUSED QUARTZ 
Property 
Thermal Conductivity (WPK M) 
Specific Heat (J/g OK) 
3 Density (E;m/cm ) 
Thermal Expansion Coefficient (cm/cm-OK) 
K* 
C* 
. P  
P* 
Quartz 
(175°K) 
1.12 x 
0.464 
2.3 
= 2 x 1 0  -7 
Pyrex 
(29 3°K) 
1.13 x 
0.690 
2.45 
3.77 x 
1.008 
1.5 
1.06 
Selection of the length ratio was based upon considerations of clmmber size in relation 
to prototype size, which, as previously stated, had to he in the range 1/7 5 L* 5 1/5, 
and upon the practiczl consideration that considerable reduction in cost could be 
achieved by purchase of glass blanks as off-the-shelf items, Both criteria were met 
by selecting a scale ratio L* = 1/6.43. For this length ratio, and the -?e of Pyrex, 
the ratio;; preserving the influences of radiation and conduction in Eq. (5.1) yield, for 
identical geometry 
T* = (K*/Lh)'l3 = [(1.008)(6.43)]1/3 = 1.@6 
and 
0 *  = P*C*L*~/K* = (1.06)(1.5)/(6. 43)2(1. 008) = 1/26 
Design of the model primary mirror  was in accord with the above ratios and was pro- 
duced to the dimensions shown in Fig. 49. Three individual mirror  segments were 
purchased, their edges cut to provide the necessary mating surfaces, waxed together, 
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R 75.4 in. 
(1.86 meters) \ 
1%-1/4 in. 
(0,312 meters) 
Fig, 49 Model Primary Mirror 
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their front surface ground to provide a 73.4-in. (1.86 M) radius of curvature. Thus, 
geometrically similar mirrors of high optical quality were used. Following final suz- 
face polishing, the mirrors were released from the wax and aluminized on all surfaces. 
Each segment had a final weight of 1375 grams. 
5.2.2 Secondary Mirror Support b d  Design 
Modeling of the secondary support rods had EO be in accord with the length ratio, tem- 
perature ratio, and time constant selected for the primary optic. It was also desired 
to use a material with a large coefficient of thermal expansion so  thslt thermal strain 
could be determined directly. Consideration was given to the use of pyrex solid rod; 
however, the required length ratio, L* = 1/6.43 , and 1-in. diameter of the prototype 
rod, would necessitate the use of a rod for the model having a diameter of 0.156 in. 
(0.396 cm). This size was deemed to be impractical for required model strength. 
Therefore, the design' was direcl ;d toward the use of tubing necessitating geometrical 
distortion. 
The general thermal model criteria for the6 support rods are 
where the terms are as previously defined. For the thermal conditions predicted for 
the telescope tube, it is apparent that temperature gradients will be experienced along 
the rod length. However, gradients perpendicular to the rod axis ail1 be extremely 
small, Therefore, geometric distortion of the rod thickness concurrent with preserva- 
tion of the model criteria is allowable and a potentially useful prccedure for increasing 
the rod strength, 
Defining the cross-sectional area of the tube as Ak , outer surface area as A. , inner 
diameter as di , cjut r;., diameter as do , and neglecting gradients through tho tube 
thickness, givet; 
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p*C*AgL* = - K*Ag L- AtT * 3 
8" L* 
Since the des@ requires conformance to the primx-y mirror ratias T* = 1.86 and 
8 * = 1/26 , material properties and available eizes w ~ r e  sought which provide? those 
values. Thin wall aluminum, stainless steel, and titanium tube:! were considered 
along witti five varieties of laboratory glassware. During this selection pmcess,  the 
thermal effects of required instrumentation leads and black surface coatings were 
accounted for. The best match to the requirements 
tr* = P*C*L*~/K* = 1/26 
and 
- do do m p  
m m 
-. 
K*(dE - d: ) 
was obtaiiied witb pyrex tubing with do 
= I / L * ~ T * ~  = 6.43 
= 12 mm , di = 10 mm , m d  a 2-mil coating 
of black Tnermatrol paint, For this tube, including the surface coating, two lengths 
of 1-mil diameter constantan wire in the interior, and onc. Isnpth of 3-mil d j m e t e r  ' ) = 6.70  copper wire along the outer surface, 8* = 1/25.9 sild do do /K* (dom - di,, 
at room temperature. These values were the optimum found and were considered 
satisfactory in terms of the experinent requirements. The t,ulcinq selected as appro- 
priate for satisfac'cion of the thermal modeliiig requirements obviously fails to meet 
the structural modeling criteria given in Section 5 since geometric identity id  not 
2 
m P  
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pro-:ided in the nio2t;. !'k use of 12 min o . ~  
distortion of the prototype except for length dimensioLs. For this reason the relation 
between foices, momeQts, and thermal stresses are not preserved in the model. 
However, s'kce the support rod system is not constrair-ed at  the ends, thermal stresses 
in the rods will not result in introduction of forces o r  moments into the support sys- 
tem. Under these cnndiiiofis, geonxtrie distortion is allowable and rod elongztion is 
related only to the thenrial expansion characteristics. Therefore, for the system 
under conslderation 
tubing- results in severe geometric 
y" = L%"(AT)* = cr*(1/6.43)(f.86) = a!*/3.46 
The theimd expansion coe€ficieirt of the Pyrex rods used for the model was deter- 
mined experimentally with a quartz dilatometer aver the temperature range 70 to 
300°F (294 to f22O"K). The results of the. measurement are shown in Fig. 50, .The 
experlmentd results cmnpared hvorably with published data and indicated an expan- 
sion coemcient Q! = 2.08 x . '. in./in. OY (3.77 x 10 cm./cm OK) I The expaw 
sion coefficient of fused silica at the prot.otype operating temperatures, as shown is 
FQ. 2, wvill t e  approximaiely 2 x IO-.' cm/cm OK resulting in y* == a*/ 
3.46 = 5.45. 
-6 -6 
yr 
5.2.3 Multilayer Tmulatiori 
Design of the model Pawktion was based upo~t he experience gained from the in- 
sulation studies Fresented in Section 4. The deaign for the 1/6.43 scalti ratio is 
discussed in that section. 
the perpendicular condixtjvity for a .  increased temperature ratio was found to bs  
mtirely possible through distortion of thickness using identical materials. Using 
this approach to obtain a required perpnciicufar K* results in distortion of the 
par:l:el K* \,:?ose value depends primarily on the solid conductivity of the materials 
It is of particular interest to point out that modeling of 
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0 
m 
3 
used, For similar materials using the same wrap density, the parallel conductivity 
will remain nearly constant giving a p; rallel K* near unity, 
For the telescope tube, it was of primary importance to model the insulation in such 
a manner that the average model interior temperature would provide reasonable pre- 
dictions of prototype conditions. As  previously indicated in Section 3, the analytical 
predictions allowed the conclusion that the average temperatures of the telescope 
interior would not be dependent on assumed changes in insulation conductivity for 
approximately one order of magnitude about the assumed value of 4.8 x 
meter. This permitted design of the model wrap to be based on the average tempera- 
tures predicted for the prototype and avoided the necessity to design for either 
maximum or minimum values. The test results presented in Section 4 show that for 
a temperature ratio greater than unity it is not possible to model the insulation so that 
K* remains constant over a wide range of temperature. Thus, it is most desirable 
to model to a mean temperature and accept the variations about the mean. The proto- 
type mean teqerature selected for use in design of the model wrap was 122°K corres- 
ponding to a model mean temperature of 227°K. 
WPK- 
The model wrap was based upon the use of identical materials and the properties 
determined from the experiments repmted in Section 4. The previous choice of 
L* = 1/6.43 and T* = 1.86 required that the perpendicular conductivity model ac- 
cording to K*/t* = 6.43, where t* is the ratio of insulation thickness for identical 
wrap densities. The closest approach to meeting these requirements was a 13-layer 
wrap with an expected k* = 2.36 at the selected average temperature. Thus, 
t* = 13/36 = 1/2.78 and K*/t* = 6.56 instead of the required 6.43. 
The transient criteria for this study require that 
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It is apparent that the dependence of K* on t* , such that a specific thickness must 
be chosen to meet a specific Km at a single temperature, allows adjustment of 8* 
only through changes in p and C on the model. However, since identical materials 
a re  used in the model and prototype, the wrap itself cannot be varied to provide the 
necessary adjustments. In addition, for the insulation it was determined that the 
temperature dependence of C results in C* = 1.88 , thus 
e* = p*c*L*t* = 1/9.35 
rather than 1/26 'z,s required. The large value of 8" for the insulation alone led to 
the necessity of considering the elimination of an external skin on the model and lump- 
ing the heat capacity of skin and insulation together. With this approach, the ratio of 
total heat capacitance becomes 
For the properties listed in Table 1 and the above model ratios, the computation yields 
( P *v *c 3,,1 = L* /3.58 and 8* = 1/23. This value is more in line with the re- 
quired time constant. Therefore, this approach was used for model construction. 
2 
aarkening of the tube interior was necessary and required the use of a 2-mil coating 
of black Thermatrol whose capacitance, when added to the insulation, resulted in an 
increase of the time ratio for $* = 1/17.8 . 
The final design of the model imulation provided an overall skin system whose per- 
formance was expected to adequately simulate that oi the telescope tube. While the 
distribution of heat capacitance was not identical to the prototype, this fact in itself 
would not alter the transient response. The most serious dte,*ation of the transient 
behavior would be expected to be due to the diffezences in temperature dependence of 
specific heat and thermal conductivity for the model and prototype systems. 
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5.2.4 Manned Support Structu:re Inte rface 
Modeling of the manned support structure interface was limited to the honeycomb disk 
and multilayer insulation between the manned section and telescope interior, The 
prototype manned section was assumed to be held at a uniform and constant tempera- 
ture of 297°K (75°F) requiring a model temperature for that section of 562°K (534°F). 
This exceeds the useful upper temperature limit of aluminized mylar and required the 
use of a high-temperature insulation in construction of the m ~ d e l .  The insulatioii 3ys- 
tern selected for use was alternate layers of double aluminized Kapton and Dexiglas. 
The temperature dependence of thermal conductivity for this sys tern was known from 
test results obtained during completion of a separately sponsored program. 
Vtilizing the steady state modeling criteria, results of the thermal analyses, and 
available test results, led to the selection of an 18-layer wrap to model the conductance 
.assumed for the analytical study. 
The 2.54 cm (1 in.) aluminum honeycomb structure used for support of the primary 
optics was modeled using a disk of 4-mil, 304 stainless steel sheet. Tllis properly 
preserved thermal gradients parallel to the sheet, though preservation perpendicular 
to the sheet was not attained. Since gradiefits in the latter direction were predicted 
as negligible, this distortion was considered allowable. For 3G4 stairiless steel, the 
property ratios are p* = 116, C* - 0.85 , and k* = 42.4. The criteria for modeling 
where gradients through the skin are neglected is 
for t* = skin thickness. The last two terms are applicable to proper preservation of 
the radiative-conductive heat flow and require t* = L*/k* = 1/272. 
In Lerms of model dimensions, the required thickness would be tm = 0.00368 in. 
This result led to spscification of &mil sheet stock with k*t* = 1/5.9 instead of 
1/6.43, and e* = p*C*t*L* = 1/16.3. This desim was considered adequate in 
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terms of the anticipated performance indicated by the thermal analysis. Those resdts 
indicated that the mounting ?late would undergo only slight tA slisient variatioiis and 
further ;:)at the variations would not influence mirror performance. 
5.2.5 Surface Coatings 
Black Thermatrol paint was used as a coating for the interior and exterior surfaces of 
the tube sections. In accordance with the thermal design, a small band of aluminized 
mylar adjacent to the primary mirror was not painted. The stainless steel sheet 
manned interface structure was covered on the telescope side with one layer of alumi- 
nized mylar to 3ecrease its emittance. Al l  mirror surfaces were coated with opaque 
coatings of evaporated aluminum. 
5.3 MODEL FABRICATION ASSEMBLY 
The insulated telesmpe sections were first fabricated to the required sheet size and 
then attached to the s i d e  of cylindrical wire cages having the necessary model &am- 
eter. These cages were constructed of 0.159-cm diameter (1/16-in.) stainless steel 
rod and furnished the necessary structural SUPFOI~. U s e  of wire for the cages and 
placement of the ir sulated sections on the inside minimized the thermal influence of 
the wire supports. Following fabrication and painting, each section was slipped into 
its neighbur to give 8 1.27-cm (1/2-in.) overlap. The sections were attached to each 
other with nylon thread at each of the overlapping joints. 
A 0.476-cm thick aluminum plate was attached to &e chamber door support structure 
to serve both as a sup30rt from which to hang the telescope aiid to provide a uniform 
temperature region duplicating the manned support interface. The interface insulation, 
niirror support plate, primary mirror,  secondary mirror support rods, and insulated 
tube were all supported from the aluminum plate. 
The assexbled model geometry is shown in Fig. E l ,  The primary mirror was sup- 
ported irl -3;;nti?.g plate using nylon screws and a 0.159 cm thick phenolic s w -  
pensic.. ’ i :* -mgernent used is shown in Fig. 52. Lexan plugs were epoxied 
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MOUNTING PLATE 0.476 cm 
(3/16 in . )  A1 PLATE X si .  8 cm diam. 
MOUNT - CLOSED 
CYLINDER 10.8 cm 0. D. 
X 5.08 cm HIGH 
36 cm O.D. X 29.8 cm INSULATION 
HEATER SJ1CTION 
38 cm 0. D. x 23.8 cin 'a- x 20 mi l  THICK ALUMINUPJ 
Fig. 51 Model Geometry 
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0.476 cm THICK 
r 0 . 1 5 9  cm THICK PHENOLIC SUSPENSION PLATE A1 MOUNTING PLATE 7 
NO. 6-32 (0.35 clyl litam.) X 2.54 cm NYLON 
NO, 6-32 ( 0 . 3  
NYLON - 3 I.: 4CL2 
In diam. ) X 1.27 cm SCREWS 
0.051 cm diam. // f ~ 
S .  S ,  WIRE 7 
S.S. SHEET 
1 PRIMARY MIRROR SEGMEXT 1.02 cm diam. EEXAN P L U G S  
.YER 
:ON 
Fig. 52 Primary RiIirror Suspension 
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into holes that were bored in the back of the mirror. These plugs furnished attachment 
points for suspension of the rather heavy mirror  segments. The techniquc. used tG 
mount the mirrors could not be based upon the prototype geometry since design of that 
mounting system had not yet been accomplished, However, it was assumed that low 
conductivity materials would be used on the prototype to achieve the necessary low 
temperatures; therefore, similar procedures were used on the model. The secondary 
mirror support rods were epoxied into phenglic mmnts that were in turn attached to 
the stainless steel sheet using nylon screws. The telescope tube was suspended from 
the top aluminum plate with stainless steel wire. The top assembly of the sections 
was brought into firm contact with the aluminum surface of the stainless sheet, but 
was not bonded at that location. 
5.3 1 Model Ins tr1.w entation 
Instrumentation at'aohed to the model included 
thermocouples afid three linear distortion gages for measurement of the desired thermal 
and structural behavior. Locations of the thermocouples on the model are shown on 
Fig. 53, with additional details of locations on the primary mirror and adjacent sur- 
faces shown on Fig. 54. The iiumbers shown in the. figures correspond to those used 
to report the experimental results and are nat the same as the node numbers established 
in Section 3. The thermocouple locations shown do not correspond idexitically with the 
node locations iqdicated in Figs. 5 to 13. On the t u h ,  the thermocouples were located 
exactly on the +x and -x axis, and cn the mirror  the locations were chcsen for purposes 
of obtaining the best indication of the influence of radiatim and conduction heat f ~ s w  
paths, In most cases the thermocouples were located sufficiently close to analytical 
nodes to permit a direct comparison of results even though identical geometric locations 
with node centers was not accomplished, 
73 3-mil-diameter r,opper-constafitan 
Thermal d:=torl;ions were measured directly in the three secondary support rods where 
thermai transients were expected to cause measurable levels of distortion. Strain gaging 
of the primary mirror was not attempted in view of the predicted constant and uniform 
temperatures and insensitivity of strain-gaging to the anticipated changes in strain, It 
was expected that the thermaily induced response of the gage itself would exceed its 
response to changes in mirror dimensions and that useful information would not be ob- 
tained. This expectation was borne out by the test data which indicated a nearly constant 
primary mirror temperature. 5-19 
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TELESCOPE MOUNTING 
PLATE, 0.476 cm A1 
63 62 61  60 
x x x xx59 
E 
F 34XIX33 3lXIX32 
I I 
38XX37 35X X36 
D 42XX41 
51  52 
X @  
B 50X 47X X48 x 49 
2 
X 
rr 
39 
10 9 
X X 
MIRROR SUPPORT PLATE 
4-mil  STAINLESS STEEL 
24 16 25 26 
I 
40 
43 x x44 
I 
29 
1 1 
X 50 
-x -tX 
7 
4 
Fig, 53 Model Thermocouple Locations 
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MIRROR FRONT MIRROR B 4CK 
AS VIEWED FROM SUPPORT INTEEFACE 
TOP OF TE,LESCOPE 
MOUNTlNG PLATE 
TELESCOPE SIDE MANNED 
SUPPORT SECTION 
Fig. 54 Vrirnsi-:’ Yirror Thermocouples 
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Measurement of distortions of the secondary supper: rods was acramplished using a 
single strand of constantan strai.n wire inside cf ekch Pyrex tube that was siretched 
and bonded to the tuba encis. A slack wire of the same spool was placed in. the tube 
r *-xt to the prestrained wire Lo provide tempe?*r..tlire compensation, The two wires 
provided two legs of a Wheatstone bridge Whose change in resistance was nleaSUrbd 
for indications of thermal strain Each of the support rods was calibrated in a uni- 
form temperaiure air oven for determinatim of the bridge response to imposed thermal 
strain. The experimentally determined thermal expansion dah as .I as a dilatometer 
were used to es’kblislii clougation values, during the calibrations. Calibrations using 
the dilatometer with imposed ’fighly nonuniform temperature distributions is i l ~ z  ;oi 
compared within 5% to calibrations in the a+ oven with uniform temperatures. These 
results verified that the effectiveness OP the temperature co: 7 ‘  ier~!Satti~,F: leg of the bridge 
would be adequate and that the gage response W ~ E  -36,l x lo-‘’ em/:&.iV. The nega- 
tive value was expected since the thermd expansion of constmtan is laiger than that 
for Pyrex. 
. . .. . . . . 
5.3.2 Chamber Installation 
The mtire model was suspended from stainless steel framing extending from the top 
of the v.sLci1u.m chamber door. The support plate, prirrary mir rors ,  and Pecondary 
mirror structure were instalked first, all instrumentation checked, and t k  tube sll’pped 
over the completed assembly. Figure 55 illustrates the app -arance of the optical sys- 
tem following chamber instaalation. 
Tho movable shutter system ivas supported by rails at the bottom of the cube and was 
move? in and out in hc.rfzonta1 p h i e  by a manually actuatzd crank and level systcm . 
The shutter and its supposts are sliown at the bottom of Fis. 56, The entire assr#mbled ’ 
system, as it apppcred just prior to testing, is shown in Flg. 5‘7. 
Transient skin temperatures were povided Lj ~utomatically uonlroiled banks of tung 
sten filament !amps located adjacent to tho: skin regions. Fi?6 h&,s of lamps were 
used to achieve separate control of the simulated manned section! 21-3 +x and -x 
sides of Sections B through I?’ and tho sx a.nd -x sides of Section A.  ?he lamps 
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controlling side temperatures were automatically programmed to provide modeled 
skin transient temperatures in accordance with the analytical predictions presented in 
Section 3. Sectiori A was programmed to model tb3 results presented in Fig. 16, 
Sections B through F to model the temperatures in Fig. 17, and the top plate controlled 
to a constant temperature of 562°K modeling the assumed temperature of 297°K (75°F) 
for that region. The arrangement used to suspend the lamps is shown in Fig. 56. 
5.4 CONTROL AND READGUT INSTRUMENTATION 
Automatic controllers were used to provide separate control over the five lamp banks, 
A proportional set point controller was used to maintain the simulated manned section 
at a constant level near the required 562°K. The proportional band of this controller 
was &lVK resulting in an actual temperature of 554°K for this section. The four 
separate banks of lamps used for transient skin temperatures were controlled with 
four automatic programmed temperature controllers having proportional, rate, and 
reset functions. The required millivolt signal to these controllers was furnished by 
card programmers whose cards carried the necessary transient cycles. The four sys- 
tems were interconnected to drive at the same time scale and to recycle concurrently. 
Readout of the thermometry and strain gage circuits was accomplished using a 300- 
point scanner with a scan rate of 1 point every 2 sec. The scanner output was read 
with a digital voltmeter having a sensitivity of f microvolt and accuracy of & 3 micro- 
volts. The resulting microvolt reading was both typed out for immediate use and 
punched into paper tape for complete data reduction using a previously prepared digital 
computer program, Scan cycles were initiated by a digital clock control unit and the 
initiation times chosen to provide sufficient data to permit a clear definition of the 
transient response. A complete 24-hr orbit for the prototype corresponded to 55.5 min 
for the model (6* = 1/26), A, scan rate of 1 point every 2 sec on the model corres- 
ponded to 1 point every 52 sec for the prototype. Therefore, each scan of 79 points 
required approximately 4,l.OO sec of prototype time. 
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5 . 4 . 1  Test Operation 
During pumpdown of the chamber and 2hilling of the walls, the model was held at room 
temperature by leaving the shutter closed and manually adjusting the lamp banks, The 
transient cycles were then started and sufficient data taken to observe operating 
conditions. 
Numerous difficulties were experienced with the external instrumentation that required 
delays for repair. Breakdowns occurred, one at a time, in three of the automatic 
temperature controllers, in the digital clock, and finally in the 300-point scanner. 
Considering that a l b f  the instruments were in house less than 60 days, and that each 
breakdown was traced to failures of either diodes o r  transistors, it is adjudged that 
solid state instrumentation still has a way to go. No delays were caused by failure of 
the model o r  its associated mechanisms and thermometry. 
. 
A total of nine complete simulated orbital cycles were run on the model prior to re- 
cording of final data. At  this point in the test, temperatures at comparative times 
were repeatable to within f 1°K with the primary mirror  holding constant. 
5.5 HESULTS 
A complete tabular presentation of the transient results for the ninth cycle is included 
in Tables A-1 through A-18 in Appendix A. Graphical presentations taken from the 
tabular results are presented in this section in terms of prototype properties. 
The measured temperatures of the +x and -x sides of Section A are  shown in Fig. 58 
and are compared to the required levels as dictated by the analytical study. The data 
points show that the front section automatic controllers provided the required tem- 
perature history with some minor differences. The maximum value required for the 
+x side was not achieved due apparently to insufficient lamp power during the rnaxi.mwn 
heat rate. A s  a result, less energy would have entered the tube. However, the energy 
involved was but a small part  of that put in over the entire cycle. 
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I 
SECTION A 
INTERNAL 
T.C. NO. 1 
NODE 10 
- -  ~- 
TIME (sec) 
20,000 40,000 60,000 80,000 
Fig. 58 Transient Thermal Behavior Section A ,  Poirats indicate experimental results. 
Curves show analytical predictions 
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The internal transieni behavior of Sections B, C ,  and D is presented la Figs. 59 
through 61. These figures are presented in terms of prototype conditioiis and compare 
measured results to analytical predictions. For these sections it is apparent that 
modei average temDeratures were lower than the predicted levels by approximately 
25°K. This difference is observed to exist for all internal surfaces of the insulated 
tube. Transient excursions about the mean displayed similar peak-to-valley differ - 
ences though the response of model internal surfaces was somewhat faster than that 
predicted analytically. The faster measured response was anticipated since in the 
analytical work all heat capacity of the insulation was placed at a surface node. Com- 
parison of the figures indicates both lesser peak-to-valley excursions and an increase 
in average temperature for sections closer to the mirror.  This is further demonstrated 
by the results presented in Fig. 62 where the primary mirror  is seen to assume a tem- 
perature between that of the manned support interface and the average tube temperature. 
The mirror temperature is closer to the tube average internal temperature than it is 
to the support structure indicating that the reflecting surfaces and conductance paths 
between these latter tv:b eleme,. LS have provided the required thermal isolation. The 
conductive isolation is further demonstrated by comparison of the temperatures moas - 
ured on the rear of the mirror surface, Those thermocouples located near mirror  
attachment points (T. C. Nos. 16 and 21) indicated temperatures nearly identical to 
those located at other locations on the mirror (for example, T. C. Nos. 17 to 20). 
Therefore, the presence of a measurable quantity of conducted energy was not observed. 
The measured thermal history of one of +he secondary support rods is indicated in 
Fig. 63. The base of the rods was at a temperature higher than the primary mirror 
due to conduction from the manned interface. This is shown by comparison of thermo- 
couple 24 on the rod end and 27 adjacent to the mirror,  Temperatures along the length 
of the rods removed from the primary were close to those of the adjacent tube sections 
indicating a strong thermal radiation link in this region. 
Elongation of the rods as determined from the strain gage measurements is shown in 
Fig. 64. A l l  three of the rods exhibited nearly identical elongations and temperature 
histories. These results were checked against computed elongations based upon the 
data of Fig. 63. The results of the computation are indicated by a dashed curve on 
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Fig. 64. Exact agreement between the measured and computed values was not obtained; 
however, this is due primarily to the fact that temperatures were measured at only 
four points on the rods requiring a gross estimate of the gradients existing at the hot 
end. Additional thermometry would have provided the means for a more precise com- 
parison. An estimate of prototype rod elongation, through use of the previously stated 
model ratio y* = 5.45, results in a maximum predicted change in rod length during 
orbit for the prototype of y = 0.000188 cm (0.00048 in. ). This corresponds to a 
change in optical path between the primary mirror  and exit optics of 0.000376 cm. 
P 
rhermo- 
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Temperatures on the primary mirror  were predicted from the model laws to be con- 
stant with time to within f 0.5"K. Front-to-back temperature difference predictions 
indicated less than f 0.4"K and edge-to-edge temperature differences 0.15"K. These 
values fall well within the design goals of the prototype. The predicted values at 
selected times during the orbit are given in Table 14. 
Time (sec) Lo cation 
0 20,300 33,800 42,900 60,900 
Front Center 172.1 172.8 172.6 172.7 173.0 
Front Middle 172.2 172.5 172.7 173.1 173.0 
Front Edge 172.4 172.8 172.9 173.3 173.3 
Rear Center 172.3 172.7 172.9 173.1 173.2 
Rear Middle 172.9 172.9 173.4 173.7 173.5 
Rear Edge 173.0 173.0 173.3 173.6 173.7 
1 Front Middle 172.2 172.5 172.7 173.1 173.0 
2 Front Middle 172.1 172.5 172.7 173.0 172.9 
3 Front Middle 172.1 172.4 172.7 173.0 172.8 
Table 14 
PROTOTYPE PRIMARY MIRROR TEMPEFATURE HISTORY TEMPERATURE - OK 
(Determined From Mode Ueasurements) 
1 Rear Middle 
2 Rear Middle 
23 3 Rear Middle 
172.9 172.9 173.4 173.7 173.5 
172.8 172.8 173.2 173.4 173.4 
172.8 172.8 173.3 173.5 173.4 
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Section 6 
DISCUSSION 
The previous sections have presented the details of work performed in completion of 
a model study whose purpose was to eskxblish the feasibility of modeling the thermal 
and structural performance of space telescopes. The results obtained indicate that 
modeling procedures will provide realistic information on the space performance of 
telescope. systems and also provide the means to study the influence of design changes 
prior to prototype construction and fabrication. 
This study required the expenditure of considerable effort to establish a prototype 
thermal design, an effort which would normally be accomplished during preliminary 
hardware design prior to initiation of a model program. In this program, the work 
was necessary due to the selection of a conceptual prototype system that was not yet 
in preliminary design. Numerous factors important to the thermal performance of the 
selected telescope had to be somewhat arbitrarily set to allow completion of the model 
study. Among these factors was the selection of a specifi 2 synchronous orbit, the 
assumption of operating conditions for the sun shutte?, artd conductive isolation of the 
primary mirror system from its supporting structuxe. These factors may differ from 
those of the final hardware since the OTES program if; sd l  undergoing change6 in 
terms of mission objectives. 
The analytical work reported in Section 3 was sufficient ! r )  establish a satisfactory 
estimate of flight performance and allowed selectioi:. of a fixed design concept as a 
basis for thermal design of the model. The use of invariant material properties in the 
analytical study was a necessary simplification to allow its completion. This assump- 
tion would not be appropriate for use in the final hardwa:ce thermal analysis which 
should include laboratory measurements of thermal properties to determine their 
changes with temperature. Of particular importance in this regard are the thermal 
properties of the primary mirror suspension system, !he thermal performance of 
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multilayer insulation at the anticipated flight temperatures, the expansion properties 
of the optical elements, and the thermal properties of the honeycomb materials used 
as structural elements. Verification of actual values of specific heat and thermal 
conductivity of the honeycomb is of particular importance since these vary considerably 
with changes in fabrication procedures. For final hardware design, the analytical 
study should also include additional nodes through the multilayer insulation for deter- 
minations of transient histories, more nodes of the secondary mirror support rods, 
and definition of the influence of attachments between insulated tube sections. Inclusion 
of these additional details would considerably enhance the results obtained from ana- 
lytical predictions. 
Although the scope of the analytical effort performed as part  of this study was insuffi- 
cient to include the abwe refinements, the results obtained were of considerable aid 
in directing the model design and test effort. It was shown that the telescope tube 
acted.essentially as an adiabatic enclosure to solar energy entering the opening. It 
was observed that variations in thermal conductivity of the multilayer insulation had 
little effect on internal performance as long as the conductivity was within an order of 
magnitude of the design value. Further, within this range, thermal transients from 
the tube exterior would be effectively damped out and would not influence the internal 
transient. Predictions of transient performance showed that the primary mirror,  due 
to its large thermal mass and highly reflective surface coatings, would remain at a 
constant temperature within f 1°K. These findings obtained from the analyses were 
important factors in the establishment of the thermal model procedure. 
Design of the model was accomplished within the primary constraints imposed by test 
chamber size materials availability, and the mmimum allowable operating tempera- 
tures for materials used as insulation, During preliminary stages of model design it 
was determined that only a few materials could be used to model the primary mirror 
within the range of allowable scale ratios, The selection of Pyrex for this purpose 
essentially fixed the model ratios for all remaining components. As a result of this 
fix on the ratios of length, temperature , and time, it was found that the remaining 
components could not, in all cases , be designed to exactly meet all of the requirements. 
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The details of the designs presented for each component show that in each case the 
design achieved varied slightly from an exact matcl-t to the model criteria. However, 
it was possible to design within satisfactory limits in terms of the heat capacities 
involved and the influence of transients on thermal performance. 
The use of multilayer insulation on all internal surfaces of the telebcope tube posed 
a considerable problem since no previously completed programs could be used as a 
guide for thermal modeling of the insulation system. Ti, effort devoted to multilayer 
insulation modelkg was incorporated in the program scope to determine the feasibility 
of modeling the selected prototype wrap at an elevated temperature ratio while main- 
taining properties within the limits predicted as necessary by the analytical program. 
Previous experimental results have shown that changes in multilayer insulation con- 
ductivity occur for variable boundary temperatures, layer densities, and thickness. 
These variables would also exert an influence on the model wraps; however, data in 
the temperature range expected for model operation were not available requiring the 
design and performance of experiments to obtain the necessary information. 
The experiments conducted on a -full- and half-scale n-ode1 of the prototype wrap, using 
an elevated temperature ratio for the model and the criteria K*/t* = 1/L*, proved 
that one-dimensional modeling of the insulation system could be accomplished. The 
procedures employed in the full- and half-scale studies were then extrapolated to 
modeling of the telescope tube with L* = 1/6.43 and T* = 1 . 8 6 .  The success 
achieved is verified by the telescope model test results which showed satisfactory 
damping of external transients propagating to the tube interior and provision of an 
adiabatic interior to energy from the frontal section of the tube. 
An equal degree of success was not experienced in achieving the desired thermal 
properties for modeling of the manned experiment section interface. The insulation 
in this location was analytically predicted to provide a temperature of 192°K for sur- 
face areas behind the primary mirror,  The model measurements led to predicted 
temperatures for this region of 230"K, a difference of +38"K. Modeling of the insula- 
tion for this region was complicated by high model temperatures, 562°K (534°F) for 
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the manned section side, which exceeded the maximum allowable temperature of the 
Mylar insulation system. Material substitution was required and a system of alternate 
layers of aluminized Kapton and Dexiglas was selected. Experimental data were avail- 
able on this system at considerably different boundary temperatures. Extrapolation 
of the data to model conditions led to wrap composed of 18 layers each of reflector 
and spacer inaterial. The measured model temperature clearly indicate that either 
the thermal conductivity of the modeled wrap was too high or the analytical model was 
insufficient in predicting temperatures for this region. Additional orbit average corn - 
putations of the manned interface region wem completed following the test effort for 
pu,poses of clarifying the differences in computed and modeled results. The analyses 
indicated that the +38"K temperature e r r o r  could be attributed to a model wrap thermal 
conductivity that was too high by a factor of 7. In view of the extrapolation procedure 
required for design of the high temperature model wrap, the lack of conductivity data 
in the temperature region of interest and overall adequacy of the analytical thermal 
model, i~ is concluded that the conductivity of the insulation on the manned interface 
was too high on the order of one-half to one order of magnitude. These results show 
that considerable work should yet be accomplished to better define the procedures 
neaessary for modeling of multilayer insulation. At present, programs requiring 
modeling of multilayer insulated prototype systems should be supported by a parallel 
experimental measurement program of the model insulation properties. 
The overall results obtained from the model test compared favorably with the analytical 
predictions for the system although the overall average temperatura of the tube in- 
terior fell below that of the predictions by approximately 22°K. This lower tempera- 
ture was apparently caused by several separate influences, First was the failure of 
the heating lamps to provide sufficient energy to drive the front section through maxi- 
mum levels during the simulated orbit. This can be clearly seen by inspection of 
Figs. 58 to 60 where the -x side failed to heat to the required maximum. However, 
the effect of this operational difficulty would be minor since the amount of the total 
cycle involved was small. The second cause of low interior heating could have been 
thai the interior coating of Section A had an emittance belcw that of the value used for 
analysis of the prototype. The coating used on the inside was black Thermatrol paint 
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whose accepted value of emitstance is 0.95. Measurements made directly on the model 
following the experiment showed that the actual room tem.perature emittanie of the 
paint an the interior of the section was 0.85 f 0.02. Additional recent measurements 
on small samples of a freshly prepared black Thermatrol indicate emittances of 0.87 
at room temperature with decreasing values of 0.82 following a cold soak at 150°K. 
It appears from this evidence that the heater section painted surface had an emittance 
that was too low and that exposure to the low- and high-temperature cycles used in 
the test resulted in a further decrease. A decrease in emittance from the design value 
of 0.95 to a value of 0.83 would correspond, on the basis of a simple fourth power 
extrapolation, to a change in temperature of the tube interior from the measured value 
of 150°K to a value of 156°K. While this change is less than the observed 22"K, it is 
apparent that a low paint emittance was a contributing factor. A third factor leading 
to a mismatch in energy entering the tube was the fact that an exact match of tempera- 
tures for Section A at each of the analytical node locations could not be accomplished 
experimentally. Surface temperatures for the analytical nodes were based upon the 
amount of absorbed solar energy entering the tube opening during selected orbit inter- 
vals. The absorbed energy was averaged over each node and equilibrium surface 
temperatures computed. The radiant heating lamps used to drive Section A on the 
model were adjusted to provide the required surface temperatures at node centers; 
however, the temperatures could not be maintained out to the edges of the section as 
required for a complete match to the analytical model. This mismatch would also 
contribute to a reduction of the tube interior temperatures. The use of heater blankets 
covering each node location on Section A instead of the radiant lamps would probably 
have resulted in a better distribution of energy over the section resulting in an im- 
proved comparison with ;he analytical results. Each node could then be individually 
controlled to match the required input temperature history. Unfortunately, facilities 
for use of this procedure were not available during conduct of the experimental 
program. 
The transient behavior of the model verified the expected transient behavior of the 
prototype in that the peak-to-valley variations decreased for sections closer to the 
primary mirror and that the mirror remained at an essentially constant level, It was 
observed that the mirror equilibrium temperature was between that of the tube and the 
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manned support section mounting Irlate with the actual value being closer to that of the 
tube. This observation confirms t!iat the structure used to attach the primary mirror  
to the manned support section was effective in isolating it from that section. The 
mirror temperature is determined primarily by radiation coupling to the tube, Assum - 
ing the primary mirror to be a radiation shield between the manned support structure 
and the tube, and assuming a mirror  emittance of 0 . 0 3 ,  a manned support structure 
emittance of 0.03,  and an effective emittance of the extended tube to be 1 . 0 ,  gives 
= (Tt + 2T:)/3 where the mirror emittance has been considered small compared Tm 
to unity. In this relation, Tm is the mirror  temperature, T is the support struc- 
ture temperature, and Tt is an average effective tube temperature, For the assumed 
emittances, the mirror  radiation coupling is twice as strong to the tube as it is to the 
high temperature support structure, Using the temperatures measured in the model 
for Ts and Tt gives Tm = 188°K which is high compared to measured mirror 
temperatures of 172°K. However, the extreme simplicity of the assumed radiation 
shield geometry fails to account for coupling at the outer edges and emission from 
spaces between the mirrors. Both of these effects would tend to reduce the primary 
mirror  temperature. 
S 
The very small transient variations of the mirror  were verified to be less than f 0.5'K 
in comparison to predicted variations on the order of f1"K.  The accuracy of this pre- 
diction is considerably enhanced by the use of an increased temperature ratio 
(T* = 1.86) where observations of small differences a re  magnified by almost a factor 
of two through the model laws. Temperature differences across and through the mir- 
rors were also found to fall well within the specified tolerance of i 1°K with model 
measurements indicating differences on the order of i 0.3"K. 
The planned scope of the experimental program included monitoring of the primary 
mirror temperatures from initiation of the first simulated orbit to steady state condi- 
tions so that the time required for the mirror to adjust to new conditions could be 
predicted, The numerous difficulties experienced with monitoring instrumentation 
precluded satisfactory completion of this task, Sufficient data were obtained to indicate 
that the mirrors in the model would require approximately 24 hr to come to a new 
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equilibrium point following a change in orbital conditions. This would correspond to 
624 hr  for the prototype mirrors. This estimate of total time to equilibrium must be 
considered as approximate since it is based upon an extrapolation of data gathered 
during the last nine successive model cycles. In spite of the experimental difficulties 
experienced during this program, the work accomplished satisfactorily demonstrated 
that a model having a much shorter time constant than the prototype can be iuvr.luable 
in providing information on long-term transient conditions at the expense of rei Atively 
short experimental run times. 
Structural modeling observations were limited in scope to a determination of elongation 
of th.e secondary support rods. This limitation was imposed fundamcvtally by the 
design approach used in the prototype wherein a temperature range was selected where 
quartz has a near zero thermal expansivity. In addition, the thermal design provided 
for exclusion of thermal transients around the mean or  gradients through the mirror. 
Since these design conditions result in zero or extremely small thermal exparisim for 
the primary mirror, the possibility of physically modeling and measuring distortions 
on the mirror elements was virtually elimiuated. The value of the model under these 
circumstances is limited to the provision of prototype temperatures which can be used 
for computation of optical performance. For example, the model herein indicated that 
the prototype primary mirror would operate through an avcage  temperature range of 
172.6 f 0.4"K during its orbit. For a spherical optic, the change in focal length due to 
a uniform temperature rise is given by Af = a€4T where f is the focal length, a 
the thermal expansion coefficient, and 'I' the temperature. At 172"K, the thermal ex- 
pansion coefficient of fused quartz is approximately 2 x cm/cm "K giving the f/3 
2-meter diameter mirror a change in focal iength of Af = 4.8 X l o e 7  meters. This 
change in focal length is easily compensated for by the active primary mir ror  mount. 
The change in optical path length of the prototype due to elongation of the secondary 
support rods during a single orbit was predicted to be 3.76 x lo-' meters and can also 
be compensated for by the active mirror mount, The small  magnitude of these changes 
shows the difficulties in obtaining direct measurements of changes in dimension on a 
small-scale model. Except for the secondary support rods where material substitution 
allowed the attainment of a y* = 5.45 , y* being the ratio of changes ,in rod length 
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between the model and prototype, direct measurements of changes in optical component 
dimensions were not possible. This experiepce indicates that the best approach to 
obtaining optical performance characteristics from the thermal model of a space 
telescope is analytical wherein the predicted temperatures obtained from the model 
are used as input to a rigorous structural analysis. 
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Section 7 
CONCLUSIONS 
The conclusions reached as a result of the program reported in the previous sections 
are: 
Thermal modeling of large space teiescope systems is a procedure that can 
be used to provide accurate informatior, on the flight thermal performance of 
the system. On the basis of work completed, it is probable that the limiting 
male ratio for these studies will be on the order of 1/7 due to difficulties in 
providing proper thermophysical properties in the model and in 1 x 1 ~  intaining 
necessary manufacturing tolerances. Modeling at iiicreased temperature 
ratios and decreased tinie ratios allows rapid and accurate observations of 
transient thermal histories, 
Structural modeling concurrent with thermal modeling of space flight systems 
is a potentially useful procedure for studies of changes in struct. :al dimen- 
sions. For space telescopes the technique is limited to gross; .; .unges in the 
optical syetem unless optical bench evaluation techniques are iworporated 
into the experiment. The necsssity to select materials that sa,fisfy both the 
thermal and structural modeling criteria considerably restricts the model 
designer and necessitates com:-romises which detract from exact geometric 
simulation. For a model test similar to the one performed during tk4s pro- 
gram, tho best technique for evaluation of optical performance would be 
analytical using thermal data as input measured temperatures to establish 
changes in optical performance, 
0 Thermal modeling of multilayer insulation systems is presently limited to 
simulation of the perpendicular thermal conductivity. Using identical mate- 
rials requires geometric distortion of thicknesses which results in loss of 
control over the parallel thermal conductivity. These conclusions are limited 
to scale and temperature ratios similar to those used in this program and mav 
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not necessarily be true under other conditions. Modeling of multilayer insula- 
tion should receive considerably more attention to broadell the base of experi- 
ence in this area. 
0 Completion of the analytical and experimeptal effort on the 2-meter OTES 
telescope showed that its conceptual thermal design will provide a time aver- 
age temperature of the primary optic near 175°K. Variations of mirror  
average temperatures about the mean will be approximately f 0.5"K causing 
changes in focal length on the order of 5 x 
propagating down the tube will cause secondary support rod elongations on 
the order of 4 x 
sated for by the primary mirror  active mount. 
meters. Thermal transients 
meters. These changes in dimensions can be compen- 
0 Th orbital conditions selected for this study were chosen because of the 
considerable variation of thermal inputs which were expected to cause large 
thermal transients. Time was insufficient to include experimental studies of 
other orbital conditions wherein the average primary mirror temperatufc 
would increase or decrease according to the y angles and shutter operating 
cycles. Inclwion of these studies would have considerably imreased the 
overall worth of the results in  teims of changes in mirror average temperature. 
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Appendix A 
TABULAR RESULTS 
The numerical data obtained Tom the telescope model test program are  presented in 
tabular form in this arjriendix. The tables were output by a data. reduction computer 
program and contain all inbrrcation used for preparation of the graphical results pre- 
sented in Section 5. 
The computer program was designed to accept a punched tape input from the data log- 
ging digital voltmeter scanning system, convert the digitpi oukput to thermocouple re- 
sponse, compute model temperatures by interpolation of input response tables, and 
convert the model temperatures to prototype temperatures. 
Instrumentation of the model .aid test chamber required 79 separate thermocouples. 
Sixty-three (T. C. No. 1 to 63) were direct r e d i n g  ice bath referenced thermocouples 
attached to various locations on the model. Two (T. C. No. 64 and 65) were direct 
reading ice bath referenced and attached to the lamp support posts. Nine (T. C. No. 71 
to 79) were differential thermocouples hooked up as direct reading for data reduction 
purposes and mounted on the secondary mirror support rods. One (T. C. No. 70) was 
differential to T. C. No. 36, hooked up as direct reading for data reduction purposes, 
and mounted in the edge of the multilayer insulation in Section E. 
The model time and prototype time listed at the beginning of each table is the time that 
the scan is started. Each point requires 2 sec for data logging which corresponds to 
42 sec of prototype time. A complete scan of the system required 158 sec real time 
corresponding to 4088 sec of prototype time. These times must be accounted for in 
use of the data. 
A listing of the thermocouple locations is presented for the convenience in using 
Tables A-1 through A-18. 
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THERMOCOUPLE LOCATIONS 
T.C. No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
Locations 
- x axis heat section 
+ x axis heat section 
- x heat section 
+ x heat section 
+ x heat section 
- x heat I wtion 
Shutter middle 
Shutter edge 
Mirror 1 front surface edge 
Mirror 1 front surface middle 
Mirror 1 front surface near center hole 
Mirror 2 front surface middle 
Mirror 3 front surface middle 
Mirror 1 rear  surface near center hole 
Mirror 1 rear surface middle 
Mirror 1 rear  surface outer edge 
Mirror 1 rear  surface outer edge 
Mirror 1 rear surface outer edge 
Mirror 1 rear  surface near mount 
Mirror 2 rear surface middle 
Mirror 3 rear  surface middle 
Quartz tube No. 1 near primary mirror 
Quartz tube No. 2 near primary mirror 
Quartz tube No. 3 near primary mirror 
Inside tube surface near mirror 1 
Inside tube surface between mirror 2 and 3 
Secondary mirror 
Secondary mirror support housing 
Inside section F + X  
Outside section F + x 
Inside section F - x  
Outside section F - x 
Inside section E + X  
Outside section E + x 
Inside section E - x  
Outside section E - x 
Inside section D + X  
heat section middle 
heat section middle 
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THERMOCOUPLE LOCATIONS (Continued) 
T.C. No. 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
-- Locat ion 
Outside section D f x 
Inside section D - x  
Outside section D - x 
Inside section C + X  
Outside section C + x 
Inside section C - x  
Outside section C - x 
Inside section B + X  
Outside section B + x 
Inside section B - x  
Outside section B - x 
Inside section D 
Inside section D 
Tube side of top plate near center 
Tube side of top plate near center 
Tube side of top plate near tube edge 
TJbe side of top plate near tube edge 
Tube side of top plate outside 
Tube side of top plate outside 
Under lamp 3-1/4 in. from center 
Between lamps 3-1/4 in. from center 
Center hole top plate 
Between lamps 3-1/4 in from center of top plate 
Between lamps edge of top ?late 
Lamp support structure 
Lamp support structure 
System monitor for zero level check of chamber 
System monitor for zero level check of telescope 
System monitor f. 2 zero level check of lamps 
System moni’rr for zero level check of scanner 
Edge of insulation blanket near T. C. No. 36 
Secondary support tube No. 1 
Secondary support tube No. 1 
Secondary support tube No. 1 
Secondary support tube No. 2 
Secondary support tube No. 2 
Secondary support tube No. 2 
Secondary support tube No. 3 
Secondary support tube No. 3 
Secondary support tube No. 3 
A-3 
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Table A-1 
CYCLE NO. 9-17 
PT* NO. DEG F 
1 
2 
3 
4 
S 
Q 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
2s 
26 
27 
28 
29 
30 
31 
32 
33 
34 
3s 
34 
37 
38 
39 
40 
MODEL 
97 . 58 
-61.14 
12.63 
-65.05 
-74.81 
-71.66 
-62.72 
11.91 
-77.98 
-93.39 
116.82 
lt702S 
117.88 
116.95 
116-69 
117.SGl 
119.53 
119.87 
118.35 
119.19 
119.11 
119.07 
152.55 
148.16 
143.93 
129.12 
97 75 
3.33 
-32.12 
35.92 
-157.45 
40.41 
192.55 
iB.67 - 172.48 
8.87 
185.84 
-14.85 
-182.59 
118.22 
TIME FROM START MODEL: 17sec 
TIME PdOM START PROTO: 452 sec 
DEG K 
MODEL 
3090 43 
221.25 
262.24 
219.88 
213.66 
215.41 
228.38 
261.84 
211.94 
283. 34 
320.12 
‘328.36 
328.71 
320.19 
320.85 
320. SO 
321.63 
321.82 
320.95 
3221.44 
321.39 
341.37 
339.97 
337.53 
335. 19 
326 96 
309.53 
2S7.87 
237.38 
275.18 
147.75 
277*67 
362.19 
261.15 
159.98 
259.70 
358.02 
246.97 
153.78 
3211.9~ 
A-4 
DEG K 
PROTOTYPE 
166.36 
118.95 
146.99 
117.79 
114.87 
1 Ism61 
118.48 
140*7? 
113.95 
189.32 
172.11 
172.24 
172.43 
172.15 
172.87 
172.31 
172092 
173.82 
172.55 
172.88 
172.79 
172.78 
182.78 
181.47 
180.21 
179.78 
366.41 
138.21 
127.62 
147.94 
90.19 
f49.29 
194.73 
85.70 
1 3 9 ~ 6 3  
192.48 
132.78 
82 68 
172.53 
i4e.40 
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Table A-1 (Cont. ) 
CYCLE NO. 9-17 CONT'D 
PT. NO. 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51  
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62  
63 
64 
65 
66 
67 
68 
69 
78 
7 1  
72 
73 
74 
75 
76 
77 
78 
79 
DEG F 
MODEL 
-16.55 
181.38 
-34.35 
-192.30 
036.17 
186.77 
-42.67 
198.50 
-52.55 
160.20 
012.95 
32.21 
307.49 
295.92 
321.87 
315.96 
127.20 
127.28 
538.81 
533.77 
538.81 
533. 46 
S16.41 - 142.23 
17 14 33 
32.30 
32.30 
32.30 
32.35 
-99.94 
31.69 
17.49 
-3.91 
36.33 
8.21 
-8.58 
32025 
8.99 
-3.S1 
246.03 
355.99 
236.14 
148.39 
235.13 
358.98 
231.52 
199.39 
226.03 
344.22 
248.03 
273.11 
426.05 
419.62 
434.04 
438.15 
325.09 
325.93 
554.56 
551.76 
554.56 
551.59 
542.12 
176.20 
1150.243 
273.17 
273.17 
273.17 
273.19 
199.70 
272.83 
259.38 
253.05 
272.07 
2S9* 78 
254.95 
273.14 
268.21 
293.27 
A-5 
DEG K 
MODEL 
DEG K 
PROTOTYPE 
132.27 
191.99 
126.96 
126.41 
193.00 
124.47 
80 32 
121.52 
185.07 
133.35 
146.84 
229 86 
225 60 
233.36 
231.59 
175.21 
175.23 
298.15 
296.65 
296.15 
296.55 
291.46 
94.73 
$6.13 
146.86 
146.56 
146.86 
146.88 
107.36 
146.68 
139.45 
036.55 
146.27 
139.67 
137.07 
146.85 
139*9@ 
136.17 
79 . 78 
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Table A-2 
PT. NO. DEG F 
MODEL 
1 
2 
3 
4 
S 
6 
7 
8 
9 
18 
11 
12 
13 
14 
19 
16 
17 
I 8  
19 
28 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
153.28 
538.94 
96.18 
71.60 
226 88 
248.187 
77.56 
96.23 
-7.77 
-330 94 
116.36 
117.58 
118.56 
117.25 
116.95 
117.46 
119.49 
117.92 
118.22 
119.15 
119.11 
119.83 
148.20 
141.46 
145.20 
130. 58 
99.44 
4.1s 
24.76 
46. 15 
-158. 10 
(19.17 
188* 90 
26 89 - 173.66 
27 9s 
1$0*55 
27.22 - 183.78 
i19.28 
DEG K DEG K 
MODEL PROTOTYPE 
348.33 
550.19 
308.61 
295.80 
388.82 
393.48 
298.31 
308. 69 
258.90 
236.37 
319.86 
320 50 
321.89 
320 36 
320.19 
321.61 
321.49 
320.74 
328 90 
321.42 
321039 
321.35 
337.55 
337.14 
335 89 
327.77 
318.47 
257.53 
268.98 
2880 86 
167.39 
282. 54 
3641.17 
27B* 16 
156.75 
270.53 
355.53 
278.34 
153. 12 
889 328.48 
A-6 
192.97 
295 80 
1&5* 92 
158.60 
284.74 
211.55 
165.96 
134.89 
127.88 
171.97 
172.31 
172.63 
178.24 
172.15 
172.9 1 
172.84 
172.44 
378.53 
172.61 
172.79 4 
172.77 
181.46 
181.26 
188.59 
176*e9 
166.92 
138.46 
144.61 
SSlr00 
89 99 
151.90 
1930 64 
145.25 
8Sr3S 
145.44 
191.14 
145.35 
82.32 
16e.38 
17ee.30 
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Table A-2 (Cont. ) 
CYCLE NO. 9-174 CONT'D 
PT. NO. 
41 
42 
43 
44 
45 
46 
47 
48 
49 
58 
Sl 
52 
53 
54 
55 
56 
57 
58 
59 
68 
61 
62 
63 
64 
65 
66 
67 
60 
69 
70 
71 
72 
73 
74 
75  
76 
77 
78 
79 
DEG F 
MODEL 
32.25 
177.69 
52.14 
188.95 
g2.65 
182.64 
86.29 
-173.S9 
124.60 
156.19 
31.17 
32.21 
367 42 
295.78 
381.84 
315.78 
127.91 
129.25 
53810 81 
533.14 
538.81 
539.14 
509.78 
-135.96 
173.06 
32.21 
32.25 
32.25 
32.30 - 180.70 
38.08 
17.94 
9.66 
36.62 
18.42 
14.02 
38.87 
20.14 
11.80 
A-7 
BEG K 
MODEL 
273.14 
353.94 
284.19 
150.25 
290.93 
356.69 
303.16 
158.79 
324.4s 
344.80 
272.54 
273.11 
426.03 
419.54 
434.82 
430.66 
326.28 
327.83 
554. 56 
551.41 
554.56 
5S1.41 
541.77 
179.69 
168.78 
273.11 
273.14 
273. 14 
2736 17 
199.28 
276.38 
265.19 
26B.59 
275.57 
265.46 
263.P)l 
276.82 
266.41 
481.34 
DEG K 
PROTOTYPE 
146.85 
198.23 
152.79 
80.78 
155.93 
191.77 
162.99 
85.37 
174.43 
183.87 
346.53 
146.84 
229.04 
225.56 
233.34 
231.54 
175.42 
175.82 
298.15 
296.46 
298.15 
296.46 
291 627 
96.61 
86.44 
146.84 
146.85 
146.85 
146.36 
la70 14 
148.59 
142.58 
140.10 
148.15 
1 42.72 
141.40 
148.83 
143.23 
540.90 
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Table A-3 
CYCLE NO. 9-4-50 TIME FROM START MODEL: 450 sec 
TIME FROM START PROTO: 11,720 sec 
PT. NO. DEG F 
MODEL 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
1 4 
15 
16 
17 
18 
19 
20 
21 
22 
83 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
30 
39 
40 
1 58.83 
135.23 
94.59 
54 0 09 
77 . 87 
79 38 
54.55 
91.30 
660 37 
65.34 
119.S8 
117.88 
118.43 
i 18.09 
117050 
118.43 
119.75 
119.66 
116.43 
218060 
119*24 
119e07 
119.19 
157.13 
156044 
155.02 
1370 59 
2 88.28 
35487 
72.84 
76.76 
462. 18 
78 69 
139.09 
65.S6 
-176.55 
65.20 
130.21 
66e37 
-18945% 
DEG K DEG i( 
MODEL PROTOTYPE 
343. 46 
330.35 
307.77 
285027 
298 48 
299.32 
28 5.93 
305.94 
2920 09 
29!.52 
381.65 
320071 
32 1.02 
320 83 
320.53 
321 002 
321070 
321.0% 
321.11 
321.47 
38! 37 
321.44 
3420 51 
342.13 
341 34 
331.64 
317. 56 
275.15 
29 S o  69 
837.86 
169. 16 
289.05 
332 0 49 
29lsQ4 
154.03 
291.45 
327. 56 
292.09 
149*98 
321.75 
A-8 
LOCKHEED PAL0 ALTO RESEARCH LABORATORY 
L O C K H E E D  M l S S l l E S  h S P A C E  C O M P A N Y  
A C R O J P  D I V I S I O N  OF L O C K H E E D  A I R C R A F T  C O R P O R A T I O N  
184.66 
177061 
165.47 
153.37 
160.47 
160.93 
153.51 
164.49 
157.04 
156-73 
178.93 
172.43 
172.59 
172.49 
172.31 
178. SB 
172.98 
172 096 
172.59 
172.64 
172.63 
172.78 
172.68 
184. 15 
883.94 
183.52 
148.30 
170.73 
147.93 
158.97 
160.14 
88.79 
16O.78 
1’46.76 
156.68 
83889 
1.560 69 
176.11 
LS7.04 
80.59 
Table A-3 (Cont. j 
CYCLE NOe 9-450 CONT ' D 
PT. NO. 
41 
42 
13 
44 
45 
46 
47 
48 
49 
so 
51 
58 
53 
54 
5s 
56 
s7 
98 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75  
76 
77 
78 
79  
DEG F 
MODEL 
67.58 
127020 
72.04 
0 196.98 
73.02 
133.54 
R1.2Y 
-184.48 
78.00 
107.95 
67 44 
3P.11 
300 03 
2960 53 
352.23 
316.03 
1280 58 
129.06 
538081 
533.14 
538.81 
5330 14 
SI S o  78 
~ ' 1 8 8 ~ 9 1  - 168. 48 
32. 16 
32.96 
32. 1 1  
32.11 
-108. 57 
70.36 
59 v 59 
54. 82 
69. 10 
60 00 
58.82 
?Q 89 
61 008 
55. 68 
2920 77 
32 5.89 
29 5.25 
145. 79 
29 5-79 
328. 30 
300. 37 
152.74 
290.56 
31 5.19 
29% 69 
r'!73.06 
426.33 
439.96 
43 ZJ. 94 
430.79 
32th 65 
326.93 
554.56 
551 .ill 
5540 56 
SSl.4i 
541.77 
183. 68 
161 062 
27,3009 
273.09 
273.06 
273906 
1981.24 
294.31 
280.33 
293.61 
288e56 
287.90 
29 4. 60 
ase. 15 
286.16 
2a 68 
A -9 
DEG K 
MODEL 
DEG K 
PROTOTYPE 
15L40 
175.21 
158.73 
780 38 
149.03 
II 76. 50 
161.49 
82.12 
IQ0.51 
169-46 
157. 36 
346.81 
229 22 
225. 79 
293.46 
23). a 61 
175.62 
i 75.77 
298.15 
29.4046 
29!3* iS 
296646 
291.23 
90. 71 
86.89 
146.82 
146.82 
146.81 
146.81 
106.50 
158.23 
155.02 
153*59 
157.86 
155.14 
154.78 
158.39 
I 5S.46 
153.85 
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Table A-4 
PTo NO0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
30 
3 1  
12 
13 
14 
1s 
16 
17 
18 
19 
20 
21 
22 
83 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
30 
39 
40 
TIME FROM START MODEL: 605sec 
TIME FROM START PROTO: 15,800 sec 
A-10 
DEG K 
PROTOTY ?E 
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Table A-4 (Coiit.) 
CYCLE NO. 9-605 CONT D 
PT. NO. 
41 
42 
43 
44 
45 
46 
47 
48 
49 
SD 
51 
52 
53 
54 
55 
56 
57 
58 
S9 
60 
61 
68 
63 
s4 
65 
66 
67 
68 
69 
90 
’41 
72 
73 
74 
75 
76 
77 
78 
79 
DEG F 
MODEL 
54.77 
6’1 0 31 
49.22 
-200.89 
48.89 
71 .$4 
46.42 
-198*73 
42.43 
58. 58 
55*36 
31.78 
308 0 46 
296.93 
322 56 
316.06 
128.08 
327.15 
536081 
5330 14 
538.81 
533. 46 
51 5.78 
-128.73 
-168.21 
3 P 097 
31.92 
32.11 
32.02 
-103.33 
75. 11 
62.65 
55.77 
34.09 
63.14 
50.66 
75.47 
63 99 
5s19 5 
BEG K 
MODEL 
285.65 
292 62 
282.57 
143.62 
282.36 
29U. 80 
281.01 
148.15 
278.80 
283.28 
286.54 
272.88 
426. S9 
420.16 
434. 43 
430.81 
326.38 
325.86 
5540 56 
S51 e41 
554.56 
551 . 59 
591.77 
163.71 
161.77 
272.98 
272.96 
273.06 
273.03 
197.81 
296.95 
290.03 
266.21 
296.38 
290.30 
287.92 
29701s 
290.77 
286.31 
LOCKHEED PAL0 ALTO RESEARCH LABORATORY 
L O C K H E E D  M I S S I L E S  6 S P A C E  C O M P A N Y  
A G R O U P  D I V I S I O N  O F  I O C K H E E D  A I R C R A F T  C O R P O R A 7 1 0 N  
DEG K 
PROTOTYFE 
153. 58 
157.32 
151 092 
77.21 
151.81 
1 Sam 50 
151 e 0 8  
79.65 
149.89 
152.30 
15L1.05 
146.71 
229 . 35 
225.9 1 
233.57 
231062 
175.47 
175.20 
298015 
296.46 
298.15 
296. 55 
291.27 
98.77 
86.97 
146.77 
146.75 
146.81 
146.78 
106.35 
159. 65 
155093 
153.87 
159.35 
156.07 
154.80 
159.76 
156.33 
153.93 
Table A-5 
BT. NO. 
1 
2 
8 
4 
5 
6 
7 
0 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
26 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
CYCLE NO. 9-780 
DEG F 
MODEL 
25.33 
-4. 60 
-5.10 
-27 27 
-21.97 
-200 51 
-25.56 
-5.99 
35002 
27.22 
119.11 
1180 14 
119011 
118005 
117.80 
118.69 
119.62 
119.82 
118060 
t18.6(3 
119003 
119003 
119.15 
160024 
1580 42 
156.96 
137055 
113.81 
44.82 
34.74 
72093 
-165.76 
75.42 
-35.28 
56.86 
-183.15 
5S.09 
-47080 
-,bo92 
119So 54 
TIME FROM START MODEL: 780sec 
TIME FROM START PROTO: 20,300 see 
DEG K 
MODEL 
269 29 
252066 
252.39 
840 07 
243.02 
243.83 
241.02 
251 089 
2740 68 
270.34 
321.39 
320085 
321.39 
320081 
320.66 
321.16 
321.69 
321084 
321.11 
321.02 
321.35 
321.35 
321042 
3440 24 
343.23 
342.42 
331064 
318085 
2800 12 
2740 52 
295474 
163.13 
2970 12 
235062 
153.47 
285.83 
2280 67 
277.95 
146.59 
286.81 
DEG K 
PROTOTYPE 
144078 
135.84 
135.69 
129007 
130.65 
131 009 
129058 
135.43 
147. 68 
145.35 
172.79 
172. so 
172.79 
172.48 
172040 
172.67 
172.94 
173oG3 
172064 
172.59 
172077 
172077 
172.81 
185.08 
104.53 
1840 10 
178.30 
173.21 
1500 60 
147.59 
159.00 
87.71 
159.74 
126.60 
154020 
1 S3o 67 
122.94 
149.44 
78.81 
820 51 
A-12 
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Table A-5 (Cont. ) 
CYCLE NO. 9-780 CONT'D 
PT. NO. 
41 
42 
43 
44 
4s 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
79 
76 
77 
78 
78 
DEG F 
MODEL 
40.41 
-45.50 
27.03 
-204.59 
26, SI 
-45.65 
13.30 
0196.85 
11.15 
-57. 18 
43.12 
31.64 
308 49 
296.82 
322.37 
316.03 
127.15 
123.51 
539.12 
533.46 
539.12 
533. 77 
516.10 
-131.74 
0168.41 
31.69 
31.69 
31.69 
31.69 
-104.27 
72.40 
57.41 
48.99 
71.38 
58.05 
51 m82 
72.93 
58.66 
49 e 22 
DEG iS 
MODEL 
277.67 
229.95 
270.24 
141.56 
269.95 
229.86 
262.61 
144.75 
261.42 
223.46 
279. I 8  
272.80 
426.61 
420.12 
434.32 
430, 79 
325.96 
323.84 
554.73 
551 59 
S54.73 
555 76 
541.94 
182.03 
161.66 
272.83 
272.83 
272.83 
272.63 
197.29 
29 5.44 
267.12 
282.44 
294.68 
281.47 
284.01 
29 5. 74 
287.92 
282.57 
A-13 
LOCKHEED PALO ALTO RESEARCH LABORATORY 
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DEG K 
PROTOTYPE 
149.29 
123.63 
145.29 
76.11 
145.13 
123.58 
141 19 
77.82 
140.55 
120.14 
150.10 
146.67 
229 36 
225.67 
233.50 
231.61 
175.20 
174.11 
298 24 
296.55 
298 24 
296.65 
291.37 
97.87 
86.91 
186.66 
146.68 
146.68 
146.68 
104.07 
158.64 
154.36 
151 m85 
lS8.54 
154.55 
152.69 
159.00 
1.54.80 
159.92 
Table A-6 
CYCLE 
PTe NO. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
1po 
$9 
26 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
3 s  
36 
37 
38 
39 
40 
NO. 9-953 
DEG F 
MODEL 
-40.94 
-32.02 
-53. 19 
-60 54 
-SOe0Q 
048.85 
058.24 
052.82 
8.55 
1.30 
118.56 
118.49 
118.05 
11708O 
118098 
119.62 
120.17 
118.77 
118.86 
120.13 
1190 1 1  
1 1 9 . 1 9  
159.07 
157.00 
155. ss 
135.31 
112.71 
41.61 
17.70 
66.46 
-127.u9 
68.74 
-121 094 
47r94 
0144.65 
45.87 
0137.70 
27.36 
-1540 18 
118.26 
TIME FROM START MODEL: 953 sec 
TSME FROM START PROTO: 24,800 see 
DEG K 
MODEL 
232.40 
237.43 
225.67 
221.59 
227.00 
228 08 
223.86 
225.88 
259.97 
255.95 
381.09 
320.92 
321061 
320081 
3206 66 
323.32 
321.68 
32 1.98 
321.21 
321.25 
321.96 
321.39 
321.44 
343 59 
342.45 
341 64 
330.40 
317.84 
278 34 
265.06 
292.14 
184.62 
293.41 
187.48 
281085 
174.86 
280.7 1 
178.72 
270.48 
169.56 
A-14 
DEG K 
PROTOTYPE 
124.99 
123865 
121.33 
119.13 
122.04 
122*63 
121.44 
139.77 
137.61 
172.63 
172.54 
172091 
172.48 
172.40 
172.75 
172.94 
173.11 
172.69 
172.72 
173elO 
1720 79 
172.82 
184. 73 
184.11 
ic(3.68 
177.63 
170.68 
149.64 
142. so 
157.07 
99.26 
1 576 75 
100.79 
151.53 
94.01 
150.92 
96.09 
1450 39 
91.16 
119.82 
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Table A-6 (Coat. ) 
CYCLE NO. 9-953 CONT'D 
PT. NO. 
$1 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
s5 
56 
57 
58 
59 
60 
61 
62 
63  
64 
65 
66 
67 
66 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
DEG F 
MOD& 
260 56 
-131.86 
8. 16 
-143.18 
7.2s 
0136.15 
-140 10 
0 147.0 1 
-13.75 
-1 37.70 
30.09 
31 069 
308 64 
896.90 
322.40 
316. 13 
126.49 
120.71 
539 43 
533.77 
539 . 43 
534.09 
516041 
-135.&4 
-168r81 
31069 
31.69 
31.74 
31.74 
098.10 
66041 
49.27 
40.05 
65.47 
49.95 
42.75 
67 00 
SO e 68 
40.23 
A-15 
DEG K 
MODEL 
269.98 
18 1 e96 
259.76 
1750 68 
259.25 
179.S8 
247.39 
1730 55 
247.58 
178.72 
271.94 
272.83 
426.69 
4200 16 
434.33 
430.85 
3250 49 
322 0 28 
554.9 1 
551 76 
554.9 1 
551.94 
542.12 
179.76 
161.44 
272.83 
272.83 
272.85 
272.85 
200 0 72 
2920 12 
882 . 59 
277.47 
291.59 
262.97 
278.97 
292044 
283.36 
277.57 
DEG K 
PROTOTYPE 
145.1 S 
97.83 
139.65 
94.45 
139.38 
96.55 
133.00 
93.31 
133. 1 1  
96.09 
146.20 
229 0 40 
225.89 
233.51 
231.64 
175.00 
173.27 
296.34 
296.65 
2980 34 
296.74 
291046 
96.64 
86.80 
1460 68 
1 U 6 o  68 
1460 70 
1460 70 
107091 
157.05 
151.93 
149.18 
156.77 
152.14 
149.99 
f 57.23 
152.35 
149.23 
146.68 
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Table A-7 
CYCLE NO. 9-1128 TIME FROM START MODEL: 1,128 SeC 
TIME FROM START PROTO: 29,350 see 
PT. NO. DEG F 
MODEL 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
1s 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
3s 
36 
37 
38 
39 
40 
-73.43 
13.59 
-76.30 
-72.76 
-37.00 
-33.11 
-69 29 
-75.03 
-13.1s 
-2.67 
119.24 
118.64 
119.49 
118.60 
118.47 
119.28 
120096 
120.50 
119.62 
119.92 
120. s4 
120.13 
120.75 
157.5’7 
154.70 
153.93 
133.32 
112.50 
38 08 
7*  50 
62.06 
28.92 
63.8t 
-154.58 
41.83 
31.60 
40.09 
-171.24 
19.81 
16.60 
A-I6 
DEG K DEG K 
MODEL PROTOTYPE 
214.43 
262.77 
212.63 
214.80 
234.18 
236.83 
216.73 
213.54 
247.92 
253.74 
321.97 
321. 14 
321.61 
321.11 
321.04 
321.49 
322.42 
322. i7 
321.68 
321.84 
322. 19 
321 -96 
322.31 
342.76 
341.16 
340 . 74 
329 29 
317.72 
276.30 
259.44 
289 70 
271.29 
290. 67 
169.35 
278.46 
272.78 
277. SO 
160.09 
266.23 
264.45 
llS.29 
141.27 
114.43 
1 1  5.48 
125~90 
127.33 
116.52 
114.81 
136.42 
172.83 
172.65 
172.9 1 
172.64 
372.66) 
172.84 
173e 35 
173.21 
172.94 
173.03 
173.22 
173.10 
173.28 
184.28 
183.42 
183.19 
177.04 
170.82 
148.S9 
139.48 
15s. 75 
145.85 
156.28 
91 0 0 5  
149.71 
146.65 
149.19 
66.07 
143. 13 
142.18 
i 33.29 
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Table A-7 (Cont. ) 
CYCLE NO. 9-1128 CONT'D 
PTe NO0 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
Sl 
52 
53 
54 
5s 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
7s 
76 
77 
78 
78 
DEG F 
MODEL 
A-17 
BEG K 
MODEL 
265.24 
162o/ro 
255006 
283.25 
2%. 40 
160. 13 
242.06 
279.64 
245.00 
161.66 
267.12 
273.01 
426077 
420 0 32 
$34. 67 
431.07 
324096 
323-63 
554.73 
551 59 
5540 56 
551 041 
541 094 
1770 51 
161037 
272.9 1 
273.11 
273.01 
273006 
2300 61 
288098 
278. 57 
2730 09 
2880 38 
248.90 
274061 
289 0 28 
2790 18 
2730 51 
DSG K 
PROTOTYPE 
LOCKHEED PAL0 ALTO RESEARCH LABORATORY 
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Table A-8 
PT. NO. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 ' 
13 
14 
15 
16 
17 
18 
19 
PO 
21 
a2 
23 
e4 
25 
26 
ea . 28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
CYCLE: NO. 9-1302 
DEG F 
MODEL 
348.16 
87.64 
147.34 
-23.28 
10.53 
16.75 
-19.50 
151.78 
-9. 1 1  
11.24 
118.3; 
118.90 
119.49 
118.69 
118.90 
119.45 
121 a26 
120.84 
119.75 
120.21 
120.84 
120.42 
120.92 
156.15 
153.24 
158.19 
131.83 
110r04 
33.76 
4.20 
58.41 
103.68 
59.35 
-366.69 
37. 56 
112.08 
3Sr 68 
01'85.31 
19.47 
94r46 
TIME FROM START MODEL.: 1,302 sf-c 
TIME FROM START PROTOt 33,820 sec 
DEG K 
MODEL 
448 64 
303.9 1 
3370 08 
24% 29 
261.07 
264.53 
244.39 
339.55 
250.16 
261.47 
320.95 
321.28 
321.61 
3210 16 
32! 28 
321.58 
382 59 
3P2.3S 
321.75 
322.01 
322.3s 
322e 12 
322 40 
341.97 
340.35 
339 77 
328.46 
316.36 
273.98 
257.56 
287. 67 
312.02 
2860 53 
162.62 
276.09 
317.49 
275.04 
152. 27 
266.04 
307.70 
A-18 
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DEG K 
PROTOTYPE 
241021 
163.39 
181.28 
130.26 
140.36 
142.22 
131.39 
182-55 
134. SO 
140.57 
172.55 
172.73 
172-9 t 
172.67 
172.73 
172.89 
173.43 
173.31 
172.98 
173.12 
173.31 
1730 18 
173.33 
183.86 
lese99 
182.67 
176- 59 
170.06 
147.30 
138.47 
154.66 
168.16 
155.12 
87.43 
$48043 
170.69 
347.87 
81.87 
t 43.03 
165.43 
Table A-8 (Cont.) 
PTe NO. 
41 
42 
43 
44 
4s 
46 
47 
48 
49 
so 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
69 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
DEG F 
MODEL 
17.95 
-181.96 
13.78 
130.08 
11.67 
-184020 
50.9 1 
1280 13 
250 57 
0 172.69 
21.42 
32.25 
308 a 60 
297.18 
322 St? 
316.63 
125.73 
118.64 
s34.72 
532 52 
538*16 
532.83 
514.83 
01439 57 
-369.54 
32.16 
32.16 
32.21 
32.25 
-1. 19 
56.41 
37.10 
27.88 
55.18 
37.98 
31.31 
56.77 
38.54 
28.82 
A-19 
DEG K 
MODEL 
265.014 
154.13 
262e80 
327.49 
261.71 
152e89 
283.51 
323.07 
269 43 
159.28 
267.12 
426.67 
420.32 
434.43 
431.13 
325.07 
321.14 
552 e 29 
551 e 0 6  
554.21 
551 24 
541.24 
175046 
161.04 
273.09 
273.09 
273.11 
273.14 
254.56 
286.56 
275.88 
270.73 
285.88 
276.32 
272.52 
286.76 
276.64 
271 a23 
273.14 
DEG K 
PROTOTYPE 
142.52 
d2.87 
141 e33 
176.07 
140.70 
82.20 
1$2*48 
173.70 
144.85 
85.64 
143.61 
229 0 39 
225.96 
2330 57 
231 79 
174.77 
572.65 
296.93 
296.27 
297.96 
296.37 
290.99 
94.33 
66.58 
146.62 
146.62 
146084 
146.05 
136.86 
154.06 
148.32 
145.54 
153.70 
148.56 
146.57 
154.17 
148.73 
145.82 
146.85 
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Table A-9 
PT. NO. 
1 
a 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
18 
13 
14 
15 
16 
17 
18 
19 
20 
21 
82 
23 
24 
25 
26 
27 
20 
29 
30 
31 
32 
33 
34 
35 
36 
37 
381 
39 
40 
DEG F 
MODEX 
51 1 e 0 2  
188.11 
2790 12 
121.13 
1260 L I 
133.90 
123.26 
271.58 
89.39 
40.60 
116.14 
119.96 
l28CO9 
119.53 
119.45 
120.84 
12 1 e 8 0  
121.46 
120. 13 
120.67 
121.13 
120.79 
121.30 
158.26 
157.09 
156.15 
135.06 
119.09 
43.17 
95.41 
82.27 
142017 
81.75 
-171.17 
73.78 
158002 
730 56 
0190.58 
87.38 
133oPO 
TIME FROM START MODEL: 1,478 sec 
TIME FROM START PROTO: 38,400 sec 
DEG K 
MOBEL 
539.12 
359 73 
410.29 
322.58 
325.56 
389.61 
323.70 
406.10 
3Q4. 8d 
277.78 
398.75 
321.87 
323.05 
333.63 
381058 
32$. 35 
322.89 
322.70 
381.96 
382.26 
322.58 
322.33 
322061 
343.14 
342 49 
341.9'7 
330 86 
321.35 
278.80 
308 e 23 
300.93 
334.2 1 
300.64 
160.13 
2965.21 
339.68 
296.09 
149.35 
303.77 
329 22 
A-20 
DEG K 
PRO TO TYPE 
289.85 
193.40 
220 59 
173-40 
375.03 
177.21 
174403 
218.33 
163098 
149.34 
171.91 
173.05 
1734 68 
172.92 
172.89 
173.31 
173.60 
17% SO 
173.10 
173026 
173.40 
173.30 
173.45 
184.49 
184.14 
183.86 
177.56 
172.77 
150.11 
165.73 
161.79 
179.68 
161.63 
86.09 
159.25 
162.62 
is9.19 
80029 
183.32 
177.00 
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Table A-9 (Cont.) 
CYCLE NO. 9-1478 CONT'D 
PT. NO. 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
5s 
56 
St 
38 
s9 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
DEG F 
MODEL 
68.38 
487.59 
1 1  1.69 
170.08 
110.76 
~185.45 
153.64 
162.45 
12% 53 
0151.96 
86.90 
31.69 
308.85 
297. 51 
382044 
316.77 
126. 19 
117.92 
537023 
531.57 
536.60 
530.94 
514.19 
-146. 1 1  
-170r07 
32. 16 
32.44 
32.2s 
32.44 
25.52 
73.38 
62 42 
61.26 
71.78 
63 50 
65.34 
73~51 
64.35 
34.46 
DEG K 
MODE& 
304. 32 
15l.O;i 
317.27 
349. 71 
316.76 
152. t9 
340. 58 
345.47 
326.07 
1?ooeo 
303.50 
272.83 
426. 8 1 
480.51 
434.3s 
431.21 
325. 33 
320.74 
5S3. 60 
SSO. 54 
5S30 34 
sso. 29 
540, (23 
174*05 
160.94 
2'33.09 
273.25 
2'/3. 14 
273a25 
269 40 
29 5. 99 
289.90 
2S9.25 
295. 10 
290. SO 
291.52 
296.06 
290.97 
274.37 
A-21 
LOCKHEEO P A L 0  ALTO RESEARCH LABORATOR I 
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DEG K 
FRO TO 2'Y PE 
163. 62 
81.20 
170.58 
1188.02 
1'70.30 
8t.62 
183. I 1  
185.74 
175.31 
91.83 
163. 17 
146.68 
229 47 
226. 08 
233.52 
231.83 
174.9 1 
172.44 
297. 68 
295.99 
297.49 
295.80 
290.80 
93.57 
86.42 
146.82 
146.91 
$46.85 
196.91 
i44.04 
159.13 
155.86 
155.51 
158.66 
156. 18 
f 56.73 
;59 .  17 
156. 44 
147m53 
Table A-10 
PI’. NO. 
1 
2 
3 
4 
6 
7 
8 
9 
10 
11  
12 
f3  
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
87 
28 
29 
30 
311 
32 
33 
34 
35 
36 
37 
38 
39 
40 
c - 
DEG F 
MODEL 
115.38 
156.28 
57.64 
21 a 4 2  
61.84 
68.39 
24.53 
55.45 
48.62 
14.40 
118.77 
120.13 
120.79 
119-83 
l t9 .  75 
120.17 
128.01 
12f.72 
120.4t 
121.17 
121.42 
121.00 
121 59 
161.93 
160.24 
159. 39 
136.60 
122.80 
56.86 
51 a 8 6  
82. 1.8 
lS9.72 
82.64 
-177.17 
68.79 
169.80 
66091 
0197.91 
58.05 
150rOY 
TIME FROM STAR” MODEL: 1, G Z O  sec 
TIME FROM START PROTOZ 42,900 sec 
DEG K 
MODEL 
319.32 
342.04 
287.24 
267.12 
289 58 
293.23 
268.85 
286.03 
262.24 
263.22 
321.21 
32 1 a 9 6  
322.33 
321.79 
321.75 
321.98 
323.00 
322.84 
322.14 
322.54 
322 68 
32204$ 
322.77 
345.18 
344.24 
343. 77 
331.11 
323.45 
286.81 
284.04 
300 88 
343.95 
301.24 
1 S6. 79 
293.44 
349 56 
292.39 
145.27 
28 7.47 
338 a 58 
A-22 
DEG K 
PROTOTYPE 
171.68 
183.69 
1 54.43 
143.61 
155- 69 
157.64 
144. 54 
153.78 
151.74 
141 52 
172. 69 
173.10 
173.30 
173e01 
172.98 
173.11 
173.66 
173.51 
173.20 
1’73.41 
173.48 
173.56 
t 73.53 
18% 58 
18Sm9R 
t84.82 
178.02 
873.90 
154.20 
152.71 
161-76 
184-92 
161 a 9 6  
84.30 
157m76 
187.93 
157.20 
78.10 
1 S4e55 
182.03 
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Table A-10 jCont.) 
PT. NO. 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
Sl 
.52 
53 
54 
5s 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
60 
69 
70 
71 
72 
73 
74 
7 5  
76 
77 
76 
79 
CYCLE NO. 9-1650 
DEG F 
MODEL 
56.41 
-195.90 
49 04 
187.01 
47.25 
-195.68 
39.95 
180.2Q 
39.65 
0173.72 
58. 14 
32.25 
309 . 07 
297.83 
322.51 
336.84 
127.15 
117.20 
536.92 
531.26 
537.23 
S31. 57 
513.87 
-149.43 
-170.41 
32.30 
32.30 
32.35 
32.35 
38.92 
79.87 
66r07 
63oQS 
786'96 
68.74 
66.23 
80.09 
69.06 
63. SO 
A-23 
CONT'D 
DEG K 
MODEL 
2860 SQ 
146.39 
282.46 
359.12 
281.47 
1460 51 
277.42 
35s. 33 
276.14 
158.71 
287.52 
273.14 
426.93 
420.69 
434.39 
433.25 
325.86 
320.34 
553.51 
550.37 
553.68 
550.54 
540.71 
172021 
16OcSS 
273.17 
273. 17 
2739 19 
873.19 
276.84 
299 59 
293904 
290.25 
298.98 
?93.41 
292.02 
299.72 
293.59 
290.50 
DEG K 
PROTOTYPE 
1 54.06 
78 70 
3 51 e 8 6  
193.07 
151.33 
78 77 
14901s 
191.04 
146.46 
85-38 
154.58 
146.85 
229.53 
226.18 
233.55 
231.85 
175.20 
172.22 
297.59 
295.90 
297.68 
29 5.99 
290 70 
92.58 
86. 32 
146086 
146.86 
146.88 
146088 
148.84 
161.07 
157. $5 
156.05 
160.74 
157.75 
1 S?. 00 
161e14 
157e84 
156. 18 
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Table A-11 
PT’. NO. 
1 
2 
3 
4 
5 
6 
7 
9 
10 
11 
12 
13 
14 
1s 
14 
17 
18 
19 
20 
21 
82 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
a 
CYCLE NO. 9-1995 
DEG F 
MODEL 
-49.74 
89.91 
-56. 51 
-53.03 
3.33 
9.28 
-48.38 
-56.60 
-22.12 
-37.93 
119.58 
1 19.87 
120.42 
119.70 
119.53 
120.33 
121.92 
121.88 
120.46 
121.21 
121.30 
121.21 
121.55 
157.69 
155.36 
154.53 
133.24 
116.76 
45.10 
4.40 
64. 17 
126.49 
65.47 
-183.85 
44.00 
135.52 
42.02 
-206.52 
80.94 
116.23 
TIME FROM START MODEL: 1,995 sec 
TIME FROM START PROTO: 51,900 sec 
DEG K 
MODEL 
227.59 
30% 17 
222.72 
225.76 
257.07 
260. 38 
228.3s 
223 78 
242.93 
234. t 5 
321.65 
32 1 e 8 2  
322s 12 
321.72 
321.63 
322.07 
322.96 
322.93 
322.14 
322.56 
322.61 
322.56 
322.75 
342.83 
341.55 
341.07 
329 24 
320.10 
280.32 
257.66 
290.87 
325. U 9  
291.59 
153.09 
879071 
330. 51 
278 57 
140.49 
266086 
319.79 
A-24 
r.EG K 
PROTDTYPE 
122.36 
364007 
119.74 
121-38 
138.21 
139.99 
122.77 
120.31 
130. 61 
125.89 
172.93 
173.02 
173.18 
172.97 
172.92 
673.16 
173.63 
173.62 
173.20 
073.42 
173.45 
173.42 
173.52 
183.63 
183.37 
177.01 
172.10 
0 500 73 
136.53 
156.38 
175.00 
156.77 
82.30 
1SO.38 
1 77.69 
149.77 
75.53 
143.47 
171.93 
184i32 
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Table A-11 (Cott. ) 
PT. NO. 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
DEG F 
MODEL 
28-61 
-205. 33 
-0.94 
149.14 
02.52 
-206.07 
-26.21 
142095 
-20.40 
493. 74 
e2.36 
31 s82 
308. 28 
297. 1 1  
321.66 
31 5-99 
127. 53 
115.81 
536.60 
530.94 
537.23 
531.57 
513. 56 
0155.82 
-171.86 
32.16 
32.07 
32.25 
32.16 
24.95 
63.6 1 
45.41 
36.67 
62. 56 
46.28 
39.53 
64. 04 
46. 51 
37.09 
A-25 
DEG K 
MODEL 
2650 56 
141.15 
254.70 
338.08 
253.82 
140.74 
240.66 
334.64 
243.89 
147.59 
267.64 
272e96 
426.49 
420 28 
433.92 
430.77 
326.07 
319.56 
5s3 . 34 
550. 19 
553. 60 
550 54 
540 E 53 
168.66 
159.74 
273.09 
273 04 
273.14 
273.09 
269 08 
290.67 
280.45 
275.59 
289 90 
280.94 
277.18 
290.80 
281.06 
275.83 
REG K 
PRO TOT 7 PE 
142.78 
75.89 
136.94 
181.76 
136.46 
75.66 
129.39 
199.91 
131.12 
79.35 
143.89 
146. 75 
229 29 
225.96 
233.29 
231.60 
175.31 
171.81 
297.49 
295.80 
297. 68 
29 5.99 
290.61 
90.68 
85.88 
146. 79 
846.85 
t46~82 
3234.67 
156. 28 
150. 78 
148.17 
155.90 
151.04 
149.02 
156.34 
1510 1 1  
148.29 
146.82 
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Table A-12 
CYCLE NO0 9-2165 
PTo NO. DEQ F 
MODEL 
1 
2 
3 
4 
5 
6 
7 
0 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
3s 
36 
37 
38 
39 
40 
TIME FROM START MODEL: 2 ,165  sec 
TIME FROM START PROTO: 56,400 sec 
DEG K 
MODEL 
A-26 
DE6 K 
PROTOTYPE 
LOCKHEED PAL0 ALTO RESEARCH LABORATORY 
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Table A-12 (Cont.) 
PT. NO. 
41 
42 
43 
44 
4s 
46 
47 
40 
49 
50 
51 
52 
53 
54 
55 
56 
97 
58 
59 
60 
61 
68 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
7.3 
DEG F 
MODEL 
8.12 
-208.89 
-13.15 
97. 14 
-15.25 
-209 56 
-40.99 
92.38 
-35.80 
-1990 14 
62.44 
31.83 
307.70 
296.68 
321.13 
315.67 
126.69, 
536.92 
531 026 
537 55 
53 1 e 8 9  
513.56 
-150.63 
-192055 
32002 
32.11 
32.07 
32.07 
1.69 
96.18 
36.24 
27.12 
55.00 
36.95 
30 00 
56.59 
37.32 
27e26 
1 a 5.38 
A-27 
DEG K 
MODEL 
259.73 
139.17 
247.92 
309.19 
246675 
138.80 
232.45 
306 54 
735.33 
a44059 
262.13 
272.91 
426.21 
420 04 
433.63 
430 60 
325.58 
319.32 
553.51 
55O.37 
553.06 
550.71 
940- 53 
167.10 
159036 
273.03 
273.06 
273.04 
273.04 
2560 16 
266.43 
27 5.36 
270.29 
285. 78 
275.75 
271.89 
286.66 
275.96 
270.37 
DEG K 
PROTOTYPE 
139.64 
74.82 
133.29 
166.23 
132.66 
74.62 
124.97 
164.81 
126.52 
77.74 
140.93 
146.72 
229-15 
225.83 
233.13 
231.50 
175.05 
171068 
297.59 
295.90 
297.77 
296.08 
290.61 
89.84 
85.68 
146.78 
146-81 
146.79 
146.79 
137.72 
1 54.00 
148.04 
145.32 
153.64 
148-25 
146.16 
154.12 
148.36 
145.36 
LOCKHEED PALO ALTO RESEARCH LABORATORY 
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Table A-13 
CYCLE 
F'Te NO. 
1 
2 
3 
4 
S 
6 
7 
8 
9 
10 
11  
18 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
2s 
26 
27 
28 
29 
30 
31 
32 
33 
34 
3s 
36 
37 
38 
39 
40 
NO. 9-2340 
BEG F 
MODEL 
-88 37 
0.72 
0930 10 
-86.07 
049 69 
-46.54 
-81.69 
-90 40 
063.80 
-71 e 9 9  
11907S 
119.63 
120.84 
119.45 
1 19.29 
120.50 
121.59 
121.97 
120.25 
120.75 
120.88 
121.13 
121.13 
153.12 
f S0.W 
149.63 
129.96 
108459 
30.38 
-17.30 
SO082 
1 S.79 
52.4s 
-188.04 
27.74 
20.71 
250 33 
-212637 
1 e26 
3.24 
TIME FROM START MODEL: 2,340 sec 
TIME FROM STATT PROTO: 60,900 sec 
DEG K 
MODEL 
206013 
259.62 
2034 so 
207.41 
2q.P.36 
2G9 e 84 
20 5. 00 
219.78 
215.23 
321.75 
321.79 
322.35 
32IeS0 
321.47 
322.17 
322 77 
322.98 
322.03 
3220 31 
322.38 
322 S2 
382 S2 
340 29 
339.10 
338.35 
327.42 
355.55 
272.10 
245.61 
283.45 
263.99 
264.36 
150*75 
270.63 
266.73 
269 29 
137.24 
255.92 
257.02 
eRa,.?e62 
A-28 
DEG K 
PROTOTYPE 
110.82 
137.43 
109.41 
111.51 
122.38 
123.31 
112.82 
110.21 
1 t$* 16 
185.71 
172-98 
173.01 
173.31 
172.69 
172.83 
173.21 
173- 53 
173.65 
173.13 
173.28 
173.32 
173-40 
173-40 
182.95 
182.31 
181.91 
176.03 
169.65 
146.29 
132.05 
152.39 
141.93 
152.88 
81 .OS 
145. SO 
143.40 
144.78 
73.79 
137.59 
136.18 
LOCKWEED PALO ALTO RESEARCH LABORATORY 
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Table A-13 (Cont. ) 
CYCLE NO. 9-2340 CONT’D 
PT. NO. 
41 
42 
43 
44 
4s 
46 
47 
48 
49 
so 
51 
52 
53 
54 
5s 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
14 
75 
76 
77 
70 
79 
DEG E; 
MODEL 
-1.44 
-212.06 
-24.60 
Q2. 78 
-27.07 
-212.75 
-55.43 
20.24 
-58.87 
-203. 63 
3.33 
31.83 
307. 31 
296.17 
320.3s 
315.43 
125.27 
114.75 
536. 29 
531057 
S38.18 
532 52 
513.87 
-161.39 
-173.52 
31.74 
31.69 
31.83 
31 083  
-28 59 
49.68 
26-40 
18.80 
48. 44 
29.06 
21.70 
49.95 
29 + 39 
28.95 
254.42 
137.41 
241.45 
267.88 
240.18 
137.03 
224.43 
266.46 
225.85 
342.09 
257.07 
272.9 1 
485.95 
419.76 
433.20 
430.46 
324.82 
338.97 
553.16 
550 . 54 
554.21 
551.06 
540.71 
165.56 
158082 
272.85 
272.83 
272.91 
272.91 
239 34 
282.02 
271.00 
265.67 
282.13 
271 36 
267.28 
282.97 
271.55 
265.75 
A-29 
DEG K 
MODEL 
DEG K 
PROTOTYPE 
136. 79 
73.83 
129.81 
144.02 
129. 13 
73.67 
120.66 
143026 
121.42 
76. 39 
138.21 
146a 72 
229.01 
225.66 
232.90 
231.43 
174.63 
171.49 
29’7.40 
295.99 
297.96 
296.27 
290.70 
69.01 
85.39 
146.70 
146.68 
146.72 
146.72 
126.68 
158.05 
145.70 
142.83 
151.68 
1450’30 
143.70 
152.14 
145.99 
142.88 
LOCKHEED PAL0 ALTO RESEARCH LABORATORY 
L O C K H E E F  M I S S I L E S  6 S P A C E  C O M P A N Y  
A G R O U P  D I V I S I O N  O F  L O C K H E E D  A I R C R A F T  C O R P O R A T I O N  
Table A-14 
PT. NO. DEG F 
MODEL 
1 
2 
3 
4 
5 
6 
7 
0 
9 
10 
11 
a2 
13 
14 
1s 
16 
17 
18 
19 
20 
81 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
3 7 
38 
39 
40 
-87.75 
-53.78 - 100.29 
-104.08 
-83.03 
-80.56 
-99 89 
-97.76 
-88.25 
-07.87 
119.32 
119.62 
120.50 
119.32 
119.03 
120.50 
12 1.09 
121.67 
119.83 
120.42 
120.59 
120.67 
120.71 
151.34 
149.14 
147.42 
328.49 
105.26 
23.25 
-26.92 
44.86 
093.05 
47. 16 
-137.02 
20. 47 
-93 68 
17.89 
-153.20 
-6.73 
-104.91 
TIME FROM START MODEL: 2,515 see 
TIME FROM START PROTOr 65,400 sec 
DEG K 
NODEL 
206. 47 
225. 35 
199 SO 
197.39 
209 09 
2 10.47 
199.73 
200.91 
209.53 
206.41 
321.51 
321.68 
322.17 
321.51 
321.35 
322.17 
322.49 
322.88 
321.79 
322.12 
322.21 
322.26 
322.28 
339 30 
338 08 
337. 12 
326.61 
313.70 
268. 14 
240.27 
280.15 
203.53 
281.42 
179.10 
$66. 60 
203.18 
265. 16 
170.11 
251 48 
196.94 
A-30 
DEG K 
PROTOTYPE 
111.01 
121.15 
107.26 
106.12 
112.42 
113. 15 
107.38 
108.02 
112.65 
11O.!B7 
172.86 
172.94 
173.21 
172.86 
172.77 
173.21 
173.38 
173.56 
173.01 
173.18 
173.23 
173. P4 
173.2 4 
182.42 
181.76 
181.25 
175.60 
166.65 
1440 16 
129. 18 
1 SO. 62 
109.42 
151.30 
96.29 
143.33 
109.24 
142.56 
91.46 
139.21 
105.88 
LOCKHEEB PAL0 ALTO RESEARCH LABORATORY 
L O C K N E E D  M I S S I L E S  6 S P A C E  C O M P A N Y  
A G R O U P  D I V I S I O N  O F  L O C K H E E D  A I R C R A F T  C O R P O R A T I O N  
Table A-14 (Cont. ) 
CYCLE NO( 9-2515 CONT'D 
PT. NO. 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
DEG F 
MODEL 
-10.20 
-156.47 
-35.65 
-103.45 
038.13 .. 158.04 
068.53 
-101.23 
067.88 
-159.74 
-5.25 
31.64 ' 
306.6 1 
29 5.70 
319.93 
315.14 
123.77 
1 l4c7S 
537.86 
532.20 
538.81 
533.14 
514.51 
-164.17 
-174.34 
31.60 
31.69 
31 e64 
31.64 
-66.90 
43.76 
20.99 
11.0s 
Ai2 48 
21.64 
14.02 
44.22 
82.64 
11.58 
DEG K 
MODEL 
249. S6 
168.29 
235.30 
197.75 
234.04 
167.42 
237.15 
198.98 
21 7.51 
166.46 
252.31 
272.00 
485.67 
419. SO 
432.96 
430 30 
323.98 
316.97 
554.03 
590.89 
554.56 
551 e 1 1  
541.06 
164.02 
356.36 
272.78 
272.83 
272.80 
272.80 
218.05 
279 53 
266.88 
261.36 
278.88 
267.36 
263.01 
279.79 
267.80 
261.65 
A-31 
LOCKHEED P A L 0  ALTO RESEARCH LABORATORY 
L O C K H E E D  M I S S I L E S  6 S P A C E  C O M P A N Y  
A G R O U P  D I V I S I O N  O F  L O C K H E E D  A I R C R A F T  C O R P O R A l I O N  
DEG K 
PROTOTYPE 
134.17 
90.48 
126. S1 
106.32 
125.83 
90.01 
116.75 
106.98 
116.94 
89.50 
135.65 
146.67 
228.86 
225.54 
232.77 
231.34 
174.18 
171.49 
297.87 
296.18 
298.15 
296*46 
290.89 
88.18 
65.14 
146.65 
146.68 
146.67 
146067 
117.23 
150.29 
143.49 
140.52 
349.98 
143r 74 
141 e 4 0  
150.42 
143098 
140.67 
Table A-15 
CYCLE NO. 9-2690 
PT. NO. DEG F 
MODEL 
1 
2 
3 
4 
J 
6 
Y 
t i  
9 
10 
13 
12 
13 
14 
1s 
16 
l a  
I&? 
89 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
38 
31 
32 
33 
34 
35 
36 
'c 2 
;* Q 
39 
40 
-31.19 
-96.3$ 
-72.32 - 188.65 
-107.54 
185.89 
-7b.83 
-94.37 
-99.7 1 
119.41 
'19.78 
.20* 88 
119.36 
119.15 
120.08 
121.26 
$21.76 
119.92 
188.67 
128.75 
198.79 
128.79 
150.60 
$48.28 
146.23 
128*$3 
104.1s 
16.96 
-33.58 
48.46 
-1133.60 
'43.53 
26.32 
15.83 - 142.55 
12.59 
15.61 
-19.25 
-152089 
- 105.e3 
TIME FROM START MODEL8 2 , 6 9 0  sec 
TIME FROM START FROTO: 70,000 sec 
DEG K 
MODEL 
237.89 
201.68 
215.04 
194* 86 
195.48 
195.87 
196.84 
213.87 
282.80 
199.83 
321.56 
321.72 
321.89 
321.54 
321.42 
321.94 
322.59 
322.87 
321.84 
322.26 
382.31 
322.33 
322.33 
338.56 
337 '5s 
336 46 
326.79 
313.88 
264.42 
236.57 
277.78 
181 e 8 0  
279.41 
269.84 
263.66 
176.03 
262.19 
265.56 
247.31 
170.73 
A-32 
DEG K 
PROTOTYPE 
127.90 
168.43 
L fs*Qe 
184.76 
105.09 
185.a5 
P05*83 
116.86 
1Q9.03 
107.93 
172.88 
172.97 
173.06 
172.87 
172.81 
I 'm06  
173.43 
193.58 
173.83 
173.26 
173.26 
173.30 
173.3a 
182.02 
1 8 1 a 4 8  
988.89 
175.70 
168.32 
142.16 
127.19 
149.38 
97.31 
158.22 
145.08 
141.72 
94.64 
148*96 
142.78 
192.96 
91.79  
LOCKHEED PALO ALTO RESEARCH LABORATORY 
L O C K H E E O  M I S S I L E S  LL S P A C E  C O M P A N Y  
A O R O U P  D I V I S I O N  O F  L O C K H l E D  A I R C R A F T  C O R P O R A T I O N  
Table A-15 (Cont. ) 
CYCLE NO. 9-2690 COMT'D 
P t .  NO. DEG F 
MODEL 
41  
42 
43 
44 
45 
46 
47 
4 C J  
c; ? 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
78 
91 
72  
73 
74 
75 
7 Q  
7 7  
78 
79 
-16.45 
14.64 
-42.62 
-156.47 
'-94.82 
22.78 
-78.32 
152.29 
-74.75 
4.11 
-11.75 
31.97' 
386 8S 
295.78 
328 46 
314.93 
123.39 
115.38 
538.49 
532.83 
539.43 
533 46 
515. 14 - 163.97 - 194.48 
32. I 1  
32.82 
32.07 
-84. ' 0  
39.81 
15.17 
4.83 
37.78 
16.82 
7.87 
39.39 
16.70 
5.17 
3 iea8 
A-33 
DE6 K 
MODEL 
246.88 
863.36 
231.55 
168.29 
236.32 
267.88 
378.62 
293.6'3 
257.50 
248.69 
272.98 
425.69 
419.54 
433.26 
438.18 
323.77 
31 9.32 
554.38 
551.24 
554.91 
551.59 
541.91 
164.13 
858.29 
273.86 
273.81 
272.93 
273.84 
288. SB) 
276.90 
262.65 
257091 
276.17 
264.23 
259.60 
277.11 
264. §til 
258.8)9 
21s.m 
DEG K 
WOTOTYPE 
132.30 
140.59 
124.99 
123.83 
144.82 
115.62 
91.78 
114.89 
138.49 
133.71 
146.77 
298.85 
225.56 
232.93 
231.28 
174.07 
171.68 
298.86 
296.5 J 
298.34 
296.55 
291*@3 
88.24 
8s. 18 
346.83 
146.78 
146.74 
146.79 
1 92. 10 
148.87 
441.75 
138.66 
148.48 
142.B6 
139.57 
148.98 
142.20 
138.76 
98 48 
LOCKHEED PAL0 ALTO RESEARCH LABORATORY 
L O C K H E E D  M I S S I L E S  6 5 P A C :  C O M P A N Y  
A G R O U P  D I V I S I O N  O f  L O C K H E E D  A I R C R A f '  C O P P O R A l 1 O N  
ble A-16 
CYCLE NO. 9-2860 
1 
2 
3 
4 
5 
6 
7 
0 
9 
10 
11 
52 
13 
14 
1s 
16 
17 
18 
19 
20 
21 
22 
23 
24 
as 
26 
27 
28 
29 
30 
31 
38 
33 
34 
35 
34 
31 
38 
39 
YO 
TIME FROM START MODEL: 2,860 sec 
TXME FROM START PROTOt 74,500 see 
BEG K 
MOD& 
A-34 
LQCXHEED P A L 9  ALTO RESEAltCH LABORATGAY 
L O C K H E E D  M I S S I L E S  6 S P A C E  C O M P A N Y  
9. G R O i l P  D I V I S I O N  OF L O C K H e E O  A I R C R A F T  C b P P O I A T I O N  
Table A-16 (Cont.) 
PTo NO- 
4 1  
42 
43 
44 
45 
46 
47 
48 
49 
53 
51 
52 
53 
54 
s5 
55 
57 
59 
60 
61 
62 
63 
64 
615 
66 
67 
6E! 
69 
70 
72 
73 
74 
76, 
76 
77 
78 
'; 8 
sa 
c 
€ a  
DEG F 
MODEL 
~ 1 9 . 0 5  
116.91 
943.25 
-175. 59 
-45.13 
123. 3 1 
-650 16 
-172m07 
071.49 
9 0 a  10 
32.02 
306.95 
29 50 70 
320 78 
314.72 
123.01 
118mOS 
53'3 0?5 
534.09 
590 69 
535.03 
5160 10 
-359.74 
-174.4S 
3 2 n  P t 
32.21 
32.35 
32.11 
-91.61 
3§m 40 
11.44 
8.53 
34.23 
11.91 
3.33 
35096  
12.39 
3.63 
-f4.6O 
A-35 
DEG K 
MODEL 
DEG K 
PROTOTYPE 
131.53 
1720 13 
124.39 
840 77 
123.74 
174.05 
117.75 
85-82 
f l5*86 
166.52 
132.86 
146.78 
228090 
2850 54 
233003 
231.83 
373-98 
i 720 48 
238 s 43 
256.44 
298.71 
297908 
293033 
890 SO 
05.12 
346.83 
146.84 
146.88 
146081 
109.8s 
f 47.79 
140.63 
137037 
147.41 
2413.77 
138.21 
147.96 
140 098 
9 3"' Q 40 
LOCKHEED P A L 0  ALTO RESEkiZCW LASORATORII 
L O C K H E E D  M I S S I L E S  6 S P A C E  C O M P A N Y  
A G R O U P  D I V I S I O N  O F  L O C K H E L O  A I R C P A F I  C O R P O R A I I O N  
Table A-17 
CYCLE NO. 9-3040 TIME FROM START MODEL: 3,040 sec 
TIME FROM STAR'I PROTO: 79,000 sec 
PTe NO+ DEG F 
MODEL 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
le 
13 
14 
1s 
16 
17 
38 
19 
20 
e1 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
YO 
DEG K 
MODEL 
A-36 
DEG K 
PROTOTY FE 
159068 
104.02 
135.99 
112.87 
106021 
106098 
113.62 
135.59 
109.01 
106007 
1720 16 
173.13 
173040 
172087 
172.83 
176063 
173. 5s 
1730 73 
173.13 
173.37 
1730 38. 
173.35 
173.40 
181.75 
181.11 
180.49 
176.05 
367.06 
139016 
126066 
146004 
91.36 
149.20 
188.14 
140027 
87.17 
139.58 
185.59 
131099 
84.34 
LOCKHEEQ P A L 0  ALTO RESEARCH LABORATORY 
L O C K H E E O  M I S S I l E S  & S P A c E  C O M P A N Y  
A G P S U P  D I V I S I O N  O F  L O C K H E E D  A I R C R A F l  C O R P O R A T I O N  
Table A-17 (Cont. ) 
CYCLE NO. 9-3040 CONT’D 
PT. NO. 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
s4 
55 
56 
57 
58 
S 9  
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
DEG F 
MODEL 
-18.95 
160.64 
-40.31 
0185.45 
-42.36 
165.62 
0 540 68 
-183.01 
-63.91 
139.46 
014.90 
32. 16 
306.99 
2950 60 
320.92 
314.72 
123.77 
121.63 
539 . 43 
533.46 
540.06 
533.77 
516.10 
-153.53 
-173.86 
32.2s 
32.30 
32.25 
32.21 
-96.21 
33.33 
8.9G 
-2.23 
32.07 
9.61 
0.92 
33.80 
10.05 
-2.03 
244. 69 
3440 47 
232.83 
152. 19 
231 069 
347 23 
224-84 
153.55 
219.71 
332.70 
246.94 
273.09 
425.77 
4 a  3.44 
433.51 
430.06 
323.98 
322.80 
554.91 
551 S9 
55s. 26 
551 76 
541 094 
169.93 
158.63 
273.14 
273.17 
273. 14 
273.11 
201.77 
275.74 
260.19 
253.95 
273.04 
260.56 
255.73 
274.00 
260 0 GO 
254.09 
A-37 
DEG K 
MODEL 
DEG K 
PROTOTYPE 
131.56 
185.20 
125.17 
81.82 
124.57 
186.69 
120.88 
82 55 
116. 13 
178.87 
132.77 
146082 
228.91 
22s. 51 
233.07 
231.22 
174. 18 
1730 5s 
298 . 34 
296. 55 
296 . 53 
296.65 
291.37 
91.36 
850 29 
146.85 
146.86 
146.85 
146.84 
108-48 
147.17 
139.89 
136.55 
146.79 
140.09 
137.49 
147.31 
llrO*22 
136.63 
LOCKHEED PAL0 ALTO RESEARCH LABORATORY 
L O C K H E E D  M I S S I L E S  6 S P A C E  C O M P A N Y  
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Table A-18 
PTo No. 
1 
8 
3 
4 
5 
6 
3 
8 
9 
10 
3 1  
12 
13 
14 
15 
16 
1’: 
18 
19 
20 
21 
22 
23 
24 
35 
26 
27 
a8 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
TIME FBQM START ?IODEts 3 ,210 sec 
TIME FROM START PROTO: 83,500 sec 
DEG K 
MODEL 
309 * 89 
802.35 
262. 35 
2160 54 
204.97 
20% 69 
217.78 
261.52 
199.44 
319.91 
3220 03 
323.05 
321 54 
321.51 
3220 70 
322.68 
3230 14 
381.96 
322035 
3220 49 
382.4s 
322.38 
3370 60 
336062 
335064 
327.93 
3100 15 
257.10 
836.94 
2750 04 
167.89 
277.44 
363.21 
260.72 
159.44 
259.52 
356.40 
2460 11 
153.98 
2060 56 
A-38 
DEG K 
PROTOTYPE 
LOCKHEED PAL0 ALTO RESEARCH LABORATORY 
L O C K H E E D  M I S S I L E S  6 S P A C E  C O M P A N Y  
A G R O U P  D l V l S l O N  OF L O C K H E E D  A I R C R A F f  C O l P O R A l I O N  
Table A-18 (Cont.} 
CYCLE NO* 9-3210 CONT'D 
PTe NO. 
41 
42 
43 
44 
U S  
46 
47 
40 
49 
so 
51 
52 
53 
S4 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
60 
69 
70 
71 
72 
73 
74 
75 
76  
77 
78 
79 
DEG F 
MODEL 
-17.45 
180.12 
-35.85 - 19 1 . 58 
-38.19 
185.12 
-95.65 
-189.93 
-56.28 
157.83 
-13.50 
.32*2S 
307.06 
295.60 
321. 13 
314.82 
li?S040 
125.27 
539.12 
533046 
539 43 
533.46 
51 50 78 
-145.86 
-172.90 
32035 
32.30 
32.35 
32.35 
-98.91 
32.3s 
7.87 
-3.61 
30.75 
8.41 
-0.4s 
33.00 
9.32 
-2.97 
245.53 
955.29 
235. 30 
148.79 
234. 0 1 
358. 07 
229e86 
1 4 9 ~ 7 1  
223.96 
342~90 
247.72 
273.14 
425.81 
419044 
433.63 
430.12 
324.09 
324.82 
SS4.73 
551 59 
554.91 
ss1 . 59 
541.77 
174mlC 
1S9.17 
2730 19 
273. 17 
273519 
273.19 
200.27 
273.19 
259 60 
253.81 
2 7 2 ~ 3 1  
259.89 
254.97 
873. E5 
260.40 
253.57 
A-39 
DEG K DEG K 
MODEL PROTOTYPE 
132.00 
191.01 
126.91 
79.99 
125.81 
192*51 
123.58 
80.49 
120.41 
184.35 
133. 18 
146.85 . 
228.93 
225.51 
233. 13 
231.25 
174.67 
174.63 
298.84 
296. 55 
290.34 
296.55 
291.27 
93.65 
85.57 
146a88 
146.86 
146.88 
146.88 
107.67 
146.88 
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